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AUTHOE'S PBEFACE. 



In compliance with many requests, I beg to offer to 
the public a series of popular Lectures which I have 
delivered on various occattions. They are designed for 
readers who, without being professionally occupied with 
the study of Natural Science, are yet interegted in tJie 
scientific results of such studies. The difficulty, felt so 
strongly in printed scientific lectures, namely, that the 
reader cannot see the experiments, has in the present 
case befen materially lessened by the numerous illustra- 
tions which the publishers have liberally furnished. 

The first and second Lectures have already appeared 
in print; the first in a university programme which, 
however, was not published. The second appeared in 
the 'Kieler Monat-sschrift ' for May, 1853, but owing to 
the restricted circulation of that journal, became but 
little known ; both have, accordingly, been reprinted. 
The third and fourth Lectures have not previously 
appeared. 

These Lectures, called forth as they have been by 
incidental occasions, have not, of course, been composed 
in accordance with a rigidly uniform plan. Each of 
them has been kept perfectly independent of the others. 
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Hence some amount of repetition has been unavoidable, 
and the first four may perhaps aeem somewhat confusedly 
•s thrown together. If I may claim that they have any 
leading thought, it would be that I have endeavoured 
to illustrate the essence and the import of Natural 
laws, and their relation to the mental activity of man. 
Thia eeems to me the chief interest and the chief need 
in Lectures before a public whose education has been 
. mainly literary. 

I have but little to remarlt with reference to individual 
Lectures. The set of Lectures, which treats of the Theory 
of Vision, have been already published in the ' Preussische 
Jahrbiicher,' and have acquired, therefore, more of the 
character of Review articles. As it was possible in 
this second reprint to render many points clearer by 
illustrations, I have introduced a number of woodcuts, 
and inserted in the test the neceasary explanations. A 
few other small alterations have originated in my having 
availed myself of the residta of new series of experiments. 

The fifth Lecture, on the Interaction of Natural Forces, 
originally published sixteen years ago, could not he left 
entirely unaltered in this reprint. Yet the alterationa 
have been as slight as possible, and have merely been 
Buch as have become necessary by new experimental 
facts, which partly confirm the statements originally 
made, and partly modify them. 

The seventh Lecture, oa the Conservation of Force, 
developes still further a portion of the fifth. Its main 
object is to elucidate the cardinal physical ideas of work, 
and of its uualterability. The applications and con- 
sequences of the law of the Conservation of Force are 
comparatively more easy to grasp. They have in recent 
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times been treated by severa] persons in a vivid and i 
interesting manner, so that it eeemed unnecesBary to 
publisli the corresponding pajrt of the cycle of leutures 
which I delivered on this subject ; the more so as some of ] 
the more important subjects to be diacuased will, perhaps 
in the immediat* future, he capable of more definite 
treatment tnan is at present possible. 

On the other baud, I have invariably found that the 
fundamental ideas of this subject always appear difficult 
of coniprehension not only to those who have not passed' 
through the school of mathennatical mechanics ; but even 
to those who attack the subject with diligence an< 
telligenee, and who possess a tolerable acquaintance with 
natural science. It is not to be denied that these ideas 
are abstractions of a quite peculiar kind. Even such a 
mind aa that of Kant found difficulty in comprehend- 
ing them ; aa is shown by his controversy with Leibnitz. 
Hence I thought it worth while to fiuTiish in a popular form 
an explanation of these ideas, by referring them to many 
of the better known mechanical and physical examples 
and therefore I have only for the present given the first 
Lecture of that series which is devoted to this object. 

The last Lecture was the opening address for the 
' Naturforscher-Versammlung,' in Innsbruck, It was 
not delivered from a complete manuscript, hut from 
brief notes, and was not written out until a year after. 
The present form has, therefore, no claim to be con- i 
sidered an accurate reproduction of that address. I have 
added it to the present collection, for in it I have treated 
briefly what is more fully discussed in the other articles. 
Its title to the place which it occupies lies in the fact 
that it attempts to bring the views enunciated in the 
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preceding Lectures into a more complete and more com- 
prehensive whole. 

In conclusion, I hope that these Leptures may meet 
with that forbearance which lectures always require when 
they are not heard, but are read in print, 

THE AUTHOR. 



TRANSLATOR'S PREFACE. 



In bringing this Translation of Helmholtz's Popular 
Scientific Lectures before the public, I have to thank 
IVIr. A. J. Ellis for having placed at the disposal of the 
Publishers the translation of the third Lecture ; and also 
Dr. Francis, the Editor of the ' Philosophical Magazine,' 
for giving me permission to use the translation of the 
fifth Lecture, which originally appeared in that Journal, 
In addition to the Editorial charge of the book, my 
own task has been limited to the translation of two of 
the Lectures. I shoidd have hesitated to imdertake the 
work, had I not from the outset been able to rely upon 
the aid of several gentlemen whose names are appended 
to the Contents. One advantage gained from this division 
of labour is, that the publication of the work has been 
accelerated ; but a far more important benefit has been 
secured to it, in the co-operation of translators who have 
brought to the execution of their task special knowledge 
of their respective subjects. 

E. ATKINSON. 

Staff Coujbob: 
Mareh 1878. 
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INTRODUCTION. 



In the year 1850, when I wa.a a student in the Univer«l 
Bity of Marburg, it was my privilege to translate fori 
the ' Philosophical Magazine ° the celebrated memoirs ( 
ClauaiuH, then just publiahed, on the Moving Force i 
Heat. 

In 1851, through the liberal courtesy of the late Pro-fl 
fesaor Magnus, I was enabled to pursue my Bcientific j 
labours in his laboratory in Berlin. One evening during | 
my residence there my friend Dr. Du Boia-Raymond put J 
a pamphlet into my hands, remarking that it wj 
production of the first head in Europe since the death of .1 
Jaeobi,' and that it ought to be translated into English. 
Soon after my return to England I translated the essay and 
pubKshed it in the ' Scientific Memoirs,' then brought out 
under the joint-editorship of Huxley, Henfrey, Francis, ' 
and myself. I 

This essay, which was communicated in 1847 to the * 
Physical Society of Berlin, hae become sufficiently famous 
since. It was entitled ' Die Erhaltung der Kraft,' and 
its author was Helmholtz, originally Military Physician 
in tJie Prussian service, afterwards Professor of Physiology 
in the Universities of Konigsberg and Heidelberg, i 
now Professor of Physics in the University of Berlin. 

Brought thus face to face with the great generalisation I 
of the Conservation of Energy, I sought, to the best c 
my ability, to master it by independent thought in all i1 
physical details. I could not forget my indebtedness t 
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Ilolmholtz and Clausius, or fail to see the probable in- 
fiuence of tbeir writings oa the science of the coming 
time. For many years, therefore, it was my habit (aj 
place every phyaical paper published by these eminen^ 
men within the reach of purely English readers. 

The translation of the lecture on the ' Wechaelwirkung 
der Naturki'afte,' printed in the following series, had this 
origin. It appears hero witb the latest emendations of 
the author introduced by Dr. Atkinson. 

The evident aim of these Lectures is to give to th( 
' whose education has been mainly literary,' an intelligf 
interest in the researches of science. Even among such 
persons the reputation of Helmholtz ia ho great as to 
render it almost superfluous for me to say that the intel- 
lectual nutriment here offered is of the very first CLuality. 

Soon after the publication of the ' Tonempfindungen ' 
by Helmholtz, I endeavoured to interest the Messrs. Long- 
man in the work, urging that the publication of a t 
lation of it would be an honour to their house. 
went carefully into the question of expense, took 
counsel regarding the probable sale, and came reluctantl' 
to the conclusion that it would not be remunerative,'' 
I then recommended the translation of these ' Popul 
Vortrage,' and to this the eminent pubUshers immediatell 
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Hence the present volume, brought out under 1 
erlitorship of Dr. Atkinson of the Staff College, Sandhurs! 
The names of the translators are, I think, a guarant«< 
that theirwork will be worthy of their original. 

JOHN TZNDALL. 



' Since tha diite of the focegaing letter tmm PrafeiSor Tjndall, Iffonni. 
t»Dgn)an Sc Co. have mode arrangem&nts for die truDBlation of Selmholts'l 
2'oiiempJindungc«, bj Mr. AJenander J. Ellis, F.R.S,, &c. 



RELATION OF NATURAL SCIENCE' 
TO GENERAL SCIENCE. 



AOADEMIOAL DiaCOTTRSB DKLIVBKBB AT 
KOTEMBBR Sa, ISflJ, 

Er De. H. HELMHOLTZ, 



To-DAT we are met, according to annual oustom, in 
grateful commemoration of an enlightened sovereign of 
this kingdom, Charles Frederick, who, in an age when 
the ancient fabric of Eiiropeari society aeemed tottering 
to its fall, Btrove, with lofty purpose and untiring zeal, to 
promote the welfare of his Bubjects, and, above all, their 
moral and intellectual development. Rightly did he 
judge that by no moans could he more effectually realise 
this beneficent intention than by the revival and the 
encouragement of this University, Speaking, aa I do, on 
such an occasion, at once in the name and in the pre- 

■ The Qermaa word Nalurwissetisc&Bft hss nn exact equivalent in 
modem English, including, as it does, loth the Physical and the Natural 
ScienceB. Ciuiousl; eoongb, in the original diartcr of the Itojal Socie^, 
the pbiase IfalUTol Knawledye covers the eame grounil, but la there naed id 

I oppoaitinn to Bapernatural ^ovledge. (Kote in Ituckle'a C'iviltsalion, 

I »o!. ii. p, Ml.)— Tb, 
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2 ON THE RELATION OF 

Bi.'iice of the whole University, I have thought it well to 
try and take, as far as is permitted by the narrow stand- 
point of a single student, a general view of the connection 
of the several sciences, and of their study. 

It may, indeed, be thought that, at the present day, 
those relations between the different sciences which have 
led us to combine them under the name Universitas Lit- 
terarwrn, Lave become looser than ever. We see scholars 
and scientific men absorbed in specialities of such vast 
extent, that the most universal genius cannot hope to 
master more than a small section of our present range of 
knowledge. For instance, the philologists of the last 
three centuries found ample occupation in the study of 
Greek and Latin ; at best they added to it the know- 
ledge of two or three European languages, acquired for 
practical purposes. But now comparative philology aims 
at nothing less than an acquaintance with all the lan- 
guages of all branches of the human family, in order 
to deduce from them the laws by which language itself 
has been formed, and to this gigantic task it has already 
applied itself with superhuman industry. Even classical 
philology is no longer restricted to the study of those 
works which, by their artistic perfection and precision of 
thought, or because of the importance of their contents, 
have become models of prose and poetry to all ages. On 
the contrary, we have leamt that every lost fragment of 
an ancient author, every gloss of a pedantic grammarian, 
every allusion of a Byzantine court-poet, every broken 
tombstone found in the wilds of Hungary or Spain or 
Africa, may contribute a fresh fact, or fresh evidence, and 
thus serve to increase our knowledge of the past. And 
so another group of scholai-s are busy with the vast 
scheme of collecting and cataloguing, for the use of tbeir 
successors, every available relic of claaeical antiquity. 
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Add to this, in Matory, the study of original documents, 
the critical examination of parcbmentfl and papers accumu- 
lated in the archives of states and of towns ; the combi- 
nation of details scattered up and down in memoirs, in 
correspondence, and in biographies ; the deciphering of 
hieroglyphics and cuneiform inscriptions ; in natural 
history the more and more comprehensive classification 
of minerals, plants, and animals, as well living as extinct ; 
and there opens out before us an expanse of knowledge 
the contemplation of which may well bewilder us. In all 
these sciences the range of investigation widens as fast as 
the means of observation improve. The zoologists of past 
times were content to have described the teeth, the hair, 
the feet, and other external charact-eri sties of an animal, 
The anatomist, on the other hand, confined himself to 
human anatomy, so far as he could make it out by the 
help of the knife, the saw, and the scalpel, with the 
occafiional aid of injections of the vessels. Human 
auatomy then passed for an unusually extensive and diffi- 
cidt study. Now we are no longer satisfied with the 
comparatively rough science -which bore the name of 
hiunan anatomy, and which, though without reason, was 
thought to be almost exhausted. We have added to it 
comparative anatomy — that is, the anatomy of all animals 
— and microscopic anatomy, both of them sciences of 
iniiuitely wider range, which now absorb the interest of 
students. 

The four elements of the ancients and of mediEeval 
alchemy have been increased to sixty-four, the last four 
of which are due to a method invented in our own 
University, which promises still further discoveries.' But 

' That is the raetliad of Bpectroin aDa.I;Bia, dae to Bnnsen and Kirchuf^ 
lioth of Heidelberg. Tho elementH &lluded to ftre cffiBima mbidium, 
UialliuiDi Bud iridimo. 
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merely is the number of the elements &r greater, ^^H 
hods of producing complicated combinations of tH^^| 
i been so %'a8tly improved, that what is called orgam^l 
chemiftiy, which embraces only compounds of carbon with 
oiygen, hydrt^en, nitrogen, and a few other elements, ha* 
already taken rank as an independent science. 

' As the stars of heaven for multitude ' was in ancient 
times the natural expression for a number beyond our 
comprehension, Pliny even thinks it almost presumption 
(' rem etiam Deo improbam ') on the part of Hipparchua 
to have undertaken to count the stars and to determine 
their relative positions. And yet none of the catalogues 
up to the seventeenth century, constructed without the 
aid of telescopes, give more than from 1,000 to 1,500 
stars of magnitudes from the first to the fifth. At pre- 
sent several observatories are engaged in continuing these 
catalogues down to stars of the tenth magnitude. So 
that upwards of 200,000 fixed stars are to be catalogued 
and their places accurately determined. The immediate 
result of these observations has been the discovery of a 
great number of new planets; so that, instead of the six 
known in 1781, there are now seventy-five.' 

The contemplation uf tli's astounding activity in all 
branches of science may well in;ike us stand aghast at 
the audacity of man, and exclaim with the Chorus in the 
'Antigone': 'Who can survey the whole field of knoi 
ledge ? Who can grasp the clues, and then thread 
labyrinth?' One obvious consequence of this vast e* 
«ion of the limits of science is, that every student 
forced to choose a narrower and narrower field for bis own 
studies, and can only keep up an imperfect acquaintance 
even with allied fields of research. It almost raises a 
stnile to hear that in the seventeenth century Kepler was 
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H invited to Gratz as professor of mathematics and moral 
B philosophy ; and that at Leyden, in the heginning of the 
^ eighteenth, Boerhave occupied at the same time the chairs 
of botany, chemistry, and clinioal medicine, and therefore 
practically that of pharmacy as well. At present we . 
require at least four profeasorB, or, in an university with 
its full complement of teachers, seven or eight, to repre- 
sent all the^ branches of science. And the same is true 
of other faculties. 

One of my strongest motives for discussing to-day the 
connection of the different sciences is that I am myself a 
student of natural philosophy ; and that it has been made 
of late a reproach against natural philosophy that it has 
struck out a path of its own, and has separated itself more 
and more widely from the other sciences which are united 
by common philological and historical studies. This op- 
position has, in fact, been long apparent, and seems to me 
to have grown up mainly under tlie influence of the 
Hegelian philosophy, or, at any rate, to have been brought 
out into more distinct relief by that philosophy. Cer- 
tainly, at the end of the last century, when the Kantian 
philosophy reigned supreme, such a schism had never 
been proclaimed ; on the contrary, Kant's philosophy 
rested on exactly the same ground as the physical 
sciences, as la evident from his own scientific works, es- 
pecially from his ' Cosmogony,' baaed upon Newton's Law 
of Gravitation, which afterwards, under the name of 
lAplace's Nebular Hypothesis, came to be universally 
recognised. The sole object of Kanfs 'Critical Phi- 
losophy ' was to test the sources and the authority of our 
knowledge, and to fix a definite scope and standard for 
the reseaiches of philosophy, as compared with other 
Bciences. According to his teaching, a principle disco- 
vered a prion by pure thought was a rule applicable to 
the method of pure thought, and nothing further ; it 
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could contain no real, positive knowledge. The ' Phi- 
losophy of Identity'' was bolder. It started with the 
bypothesis tliat not only spiritual phenomena, but even 
tho actual world — nature, that is, and man — were the 
result of an act of thought on the part of a creative 
mind, similar, it was supposed, in kind to the human 
mind. On this hypothesis It seemed competent for the 
human mind, even without the guidance of external ex- 
perience, to think over again the thoughts of the Creator, 
and to rediscover them by its own inner activity. Such 
was the view with which the ' Philosophy of Idertity' set 
to work to construct a priori the results of other sciences. 
The process might he more or less successful in matters of 
theology, law, politics, language, art, history, in short, in 
all sciences, the subject-matter of which really grows out 
of our moral nature, and which are therefore properly 
classed together under the name of moral sciences. The 
state, the church, art, and language, exist in order to 
satisfy certain moral needs of man. Accordingly, what- 
ever obstacles nature, or chance, or the rivalry of other 
men may interpose, the efforts of the human mind to 
satisfy its needs, being systematically directed to one 
end, must eventually triumph over all such fortuitous 
hindrances. Under these circumstances, it would not be 
a downright impossibiUty for a philosopher, starting from 
an exact knowledge of the mind, to predict the general 
course of human development under the above-named 
conditions, especially if he has before his eyes a basis of 
observed facts, on which to build his abstractions. More- 
over, Hegel was materially assisted, in bis attempt to 
solve this problem, by the profound and philosophical 
views on historical and scientific subjects, with which the 
writings of his immediate predecessors, both poets and 

t onlj of subject and 
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lilosophers, abound. He bad, for the moat part, only (o 
lUect and combine them, in order to produce a system 
ilculated to impress people by a number of acute and 

ginal observations. He thus succeeded in gaining the 
Knthusiastic approval of most of the educated men of his 
Ume, and in raising extravagantly sanguine hopes of 
Boivlng the deepest enigma of human life ; all the more 
Banguine doubtless, as the connection of his system was 
flisguised under a strangely abstract phraseology, and was 
perhaps really imderstood by but few of his worshippers. 

But even granting that Hegel was more or less suc- 
flessful in constructing, a priori, the leading results of 
the moral sciences, ntill it was no proof of the correctness 
iof the hypothesis of Identity, with which he started. 
|The facta of nature would have been the crucial test. 
That in the moral sciences traces of the activity of the 
human intellect and of the Beveial stages of its develop- 
■tnent should present themselves, was a matter of comro ; 
■but surely, if nature really reflected the result of the 
thought of a creative mind, th« system ought, without 
difficulty, to find a place for her comparatively simple 
phenomena and processes. It was at this point that 
Begel's philosophy, we venture to say, utterly broke 
Jown. His system of nature seemed, at least to natural 
philosophers, absolutely cra^iy, Of all the distinguished 
Kientiiic men who were hia contemporaries, not one was 
found to stand up for his ideas. Accordingly, Hegel 
bimself, convinced of the importance of winning for 
his philosophy in the field of physical science that recog- 
nition which had been so freely accorded to it elsewhere, 
launched out, with unusual vehemence and acrimony, 
dgainst the natural philosophers, and especially against 
Sir Isaac Newton, as the first aiid greatest representative 
pf physical investigation. The philosophers accused the 
scientific men of narrowness ; the scientific men retorted 
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that the philoBOphera were crazy. And bo it came ai 
tliat men of science began to lay some stress onl 
bauisliment of all philosophic influcnceB from their fl 
while some of them, inclading men of the greatest acutft-T 
nesB, went so far as to condemn philosophy altogethet, 
not merely as useless, tut as mischievous dreaming. I 
Thus, it must be confessed, not ouly were the illegitimaie 1^ 
pretensions of the Hegelian system to subordinate to ■' 
itself all other studies rejected, but no regard was paid "^ 
to the rightful claims of philosophy, that is, the criticiBm * 
of the sources of cognition, and the deiinifcion of tha = 
functions of the intellect. i 

In the moral sciences the course of things was dif- ' 
ferent, though it ultimately led to almost the same 
result. In all branches of those studies, in theology, 
politics, jiu'isprudence, lesthetics, philology, there Ftarted 
up enthusiastic Hegelians, who tried to reform their 
several departments in accordance with the doctrines of 
their master, and, by the royal road of speculation, to 
reach at once the promised land and gather in the 
harvest, which had hitherto only been approached by 
long and laborious study. And so, for some time, a hard 
and fast line was drawn between the moral and the 
physical sciences ; in fact, the very name of science was 
often denied to the latter. 

The feud did not long subsist in its original intensity. 
The physical sciences proved conspicuously, by a brilliant 
series of discoveries and practical applications, that they 
contained a healthy germ of estraordinary fertility ; it 
was impossible any longer to withhold from them recog- 
nition and respect. And even in other departments of 
Bcience, conscientious investigators of facts soon pro- 
tested against the over-bold flights of specidation. Still, 
it cannot be overlooked that the philosophy of Hegel and 
Schelling did exercise a beneficial influence : since their 
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time the attention of investigatorB in the moral scieacet 
Tiad been constantly and more keenly directed to the 
scope of those eciences, and to their intellectual con- 
tents, and therefore the great amount of labour bestowed 
on those systems has not been entirely thrown away. 

We see, then, that in proportion aa the experimental 
investigation of facts has recovered its importance in the 
moral sciences, the opposition between them and the 
physical sciences has become less and less marked. Yet 
we must not forget that, though this opposition waa 
brought out in an imaecesBarily exaggerated form by tha 
Hegelian philosophy, it has its foundation in the nature 
of things, and must, sooner or later, make itself felt. It 
depends partly on the nature of the intellectual processes 
the two groups of sciences involve, partly, as their very 
names imply, on the subjects of which they treat. It is 
not easy for a scientific man to convey to a scholar or a 
jurist a clear idea of a complicated process of nature ; 
he must demand of them a certain power of abstraction 
from the phenomena, as well as a certain skill in the use 
of geometrical and mechanical conceptions, in which it is 
difficult for them to follow him. On the other hand an 
artist or a theologian will perhaps find the natiural philo- 
sopher too much inclined to mechanical and material 
explanations, which seem to them commonplace, and 
chilling to their feeling and enthusiasm. Nor will the 
scholar or the historian, who have some common ground 
with the theologian and the jurist, fare better with the 
natural philosopher. They will find him shockingly 
indifferent to literary treasures, perhaps even more in-, 
different than he ought to be to the history of his own 
science. In short, there is no denying that, while the 
moral sciences deal directly with the nearest and dearest 
interests of the human mind, and with the institutions 
it has brought into Vicing, the natuial sciences are con* 
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cerned with dead, indifferent matter, obviously indispet 
aable for the sake of its practical utility, but apparenUy 
without auy immediate bearisg on the cultivation of tha 

intellect. 

It has been Ebown, then, that the sciences have 

branched out into countless rami ficati one, that there ha* 
grown up between different groups of them a real and 
deeply-felt opposition, that finally no single intellect can 
embrace the whole range, or even a considerable por- 
tion of it. Is it still reasonable to keep them together 
in one place of education? Is the union of the four 
Faculties to form one University a mere relic of the 
Middle Ages ? Many valid arguments have been adduced 
for separating them. Why not dismiss the medic&l 
faculty to the hospitals of our great towns, the scientific 
men to the Polytechnic Schools, and form special semin- 
aries for the theologians and jurists? Long may the 
German universities be preserved from such a fate I 
Then, indeed, would the connection between the dif- 
ferent sciences be finally broken. How essential that 
connection is, not only from an university point of view, 
as tending to keep alive the intellectual energy of the 
cutmtry, but also on material groimds, to secure the 
successful application of that energy, will be evident 
from a few considerations. 

First, then, I woidd say that union of the different 
Faculties is necessary to maintain a healthy equilibrium 
among the intellectual energies of students. Each study 
tries certain of our intellectual faculties more than the 
rest, and strengthens them accordingly by constant exer- 
cise. But any sort of one-sided development is attended 
with danger ; it disqualifies us for using those faculties 
that are less exorcised, and so renders us less capable of 
a general view ; above all it leads us to overvalue our- 
selves. Anyone who has found himself much more sue- 



NATURAL SCIENCE TO GENERAL SCIENCE. 11 

cessful than others Id some one department of intellectual 
labour, is apt to forget that there are many other things 
which they can do better than he can: a mistake — I 
would have every student remember — which is the worjt 
enemy of all intellectual activity. 

How many men of ability have forgotten to practise 
that criticism of ther^selves which is so essential to the 
student, and so hard to exercise, or have been completely 
crippled in their progress, because they have thought 
dry, laborious drudgery beneath them, and have devoted 
all their energies to the quest of brilliant theories and 
wonder-working discoveries I How many such men have 
become bitter misanthropes, and put an end to a melan- 
choly existence, because they have failed to obtain among 
their fellows that recognition which must be won by 
labour and results, but which is ever withheld from 
mere self-conscious genius 1 And the more isolated a 
man is, the more liable is he to this danger ; while, 
on thd^ other hand, nothing is more inspiriting than to 
feel yourself forced to strain every nerve to win the 
admiration of men whom you, in your turn, must 
admire. 

In comparing the intellectual processes involved in the 
pursuit of the several branches of science, we are struck by 
certain generic differences, dividing one group of sciences 
from another. At the same time it must not be forgotten 
that every man of conspicuous ability has his own special 
mental constitution, which fits him for one line of 
thought rather than another. Compare the work of 
two contemporary investigators even in closely-allied 
branches of science, and you will generally be able to 
convince yourself that the more distinguished the men 
are, the more clearly does their individuality come out, 
and the less qualified would either of them be to carry 
on the other's researches. To-day I can, of course, do 
2 
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nothing more than characteriae some of the moat geoenl 
of these differences. 

I have already noticed the enormous mass of the 
materials accumulated by science. It is obvious that 
the organisation and arrangement of them must be pro- 
portionately perfect, if we are not to be hopelessly lust in 
the maze of erudition. One of the reasuns why we can 
80 far surpass our predecessors in each individual study 
is that they have shown us how to organise our know- 
ledge. 

This organisation consists, in the first place, of a 
mechanical arrangement of materials, such as is to be 
found in our catalogues, lexicons, registers, indexes, 
digests, scientific and literary annuals, systems of natural 
history, and the like. By these appliances thus much 
at least is gained, that such knowledge as cannot be 
carried about in the memory ia immediately accessible to 
anyone who wants it. With a good lexicon a school-boy 
of the present day can achieve results in the interpreta- 
tion of the classics, which an Erasmus, with the erudition 
of a lifetime, could hardly attain. Works of this kind 
form, so to speak, our intellectual principal, with the 
interest of which we trade ; it is, so to speak, like 
capital invested in land. The learning buried in cata- 
logues, lexicons, and indexes looks as hare and uninviting 
as the soil of a farm; the uninitiated cannot see or ap- 
preciate the labour and capital already invested there ; 
to them the work of the ploughman seems infinitely 
dull, weary, and monotonous. But though the compiler 
of a lexicon or of a system of natural history must be 
prepared to encounter labour as weary and as obstinate 
as the ploughman's, yet it need not bo siipposed that his 
work is of a low type, or that it ia by any means as dry 
and mechanical as it looks when we have it before us in 
black and white. In this, as in any other sort of scien- 
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tific work, it is necessary to discover every fact by 
careful observation, then to verify and collate them, and 
to separate what is important from what is not. All 
this requires a man with a thorough grasp, both of the 
object of the compilation, and of the matter and methods 
of the science ; and for such a man every detail has its 
bearing on the wliole, and its special interest. Otherwise 
dictionary-making would be the vilest drudgery imagin- 
able.* That the influence of the progressive development 
of scientific ideas extends to these works is obvious from 
the constant demand for new lexicons, new natural 
histories, new digests, new catalogues of stars, all denot- 
ing advancement in the art of methodising and organis- 
ing science. 

But our knowledge is not to lie dormant in the shape 
of catalogues. The very fact that we must carry it about 
in black and white shows that our intellectual mastery of 
it is incomplete. It is not enough to be acquainted with 
the facts; scientific knowledge begins only when their 
laws and their causes are unveiled. Our materials must 
be worked up by a logical process ; and the first step is to 
connect like with like, and to elaborate a general concep- 
tion embracing them all. Such a conception, as the 
name implies, takes a number of single facts together, 
and stands as their representative in our mind. We call 
it a general conception, or the conception of a genus, 
when it embraces a number of existing objects ; we call it 
a law when it embraces a series of incidents or occurrences. 
When, for example, I have made out that all mammals — 
that is, all warm-blooded, viviparous animals — breathe 
through lungs, have two chambers in the heart and at 
least three tympanal bones, I need no longer remember 
these anatomical peculiarities in the individual cases of 
the monkey, the dog, the horse, and the whale ; the 

* Condendaque lexica mandat daranatis. — Tb. 
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gen6ra1 nile includes a vast number of single instances, 
and repreaenta them in my meraory. When I enmiciate 
the law of refraction, not only does this law embrace aB 
cases of raya falling at all possible angles on a plane sur- 
face of water, and inform me of the reaiilt, but it inclndes 
all cases of raya of any colour incident on transparent 
eurfaces of any form and any constitution whatsoever. 
This law, therefore, includes an infinite number of cases, 
which it would have been abaolutely impossible to canj 
in one's memory. Moreover, it should be noticed that 
not only does this law include the caaea which we our- 
aelves or other men have already observed, but that we 
shall not hesitate to apply it to new cases, not yet ob- 
aerved, with absolute confidence in the reliability of our 
results. In the same way, if we were to find a new species 
of mammal, not yet dissected, we are entitled to assume, 
with a confidence bordering on a certainty, that it has 
lungs, two chambers in the heart, and three or more 
tympanal bones. 

Thus, when we combine the results of experience by a 
procesa of thought, and form conceptions, whether general 
conceptiona or laws, we not only bring our knowledge 
into a form in wliich it can be eaaily used and easily re- 
tained, but we actually enlarge it, inasmuch as we feel 
ourselves entitled to extend the rules and the laws we 
have discovered to all aimilar cases that may be hereafter 
presented to us. 

The above-mentioned examples are of a class in which 
the mental process of combining a number of single cases 
so as to form conceptions is unattended by farther diffi- 
culties, and can be distinctly followed in all its stages. 
But in complicated cases it ia not so easy completely to 
separate like facta from unlike, and to combine them into 
a clear, well-defined conception. Assume that we know a 
man to be ambitioua ; we shall perhaps be able to predict 
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with tolerable certainty that if he has to act under certain 
conditions, he will follow the dictates of Ilia ambition, 
and decide on a certain line of action. But, in the first 
place, we cannot define with absolute precision what con- 
stitutes an ambitious man, or bj what standard the inten- 
sity of his ambition is to be measured ; nor, again, can we 
say precisely what degree of ambition must operate in 
order to impress the given direction on the actions of the 
man under those particular circumstances. Accordingly, 
we institute comparisons between the actions of the man 
in question, as far as we have Litherto observed them, and 
those of other men who in siniilar cases have acted as he 
has done, and we draw our inference respecting his future 
actions without being able to express either the major or 
the minor premiss in a clear, sharply-defined form — 
perhaps even without having convinced ourselves that our 
anticipation rests on such an analogy as I have described. 
In such cases our decision proceeds only from a certain 
psychological instinct, not from conscious reasoning, 
though in reality we have gone through an intellectual 
I process identical with that which leads us to assume that 
a newly-discovered mammal has lungs. 

This latter kind of induction, which can never be per- 
fectly assimilated to forms of logical reasoning, nor 
pressed so far as to establish universal laws, plays a most 
important part in human life. The whole of the procras 
by which we tiiinslate our 'sensations into perceptions 
depends upon it, as appears especially from thn investiga- 
tion of what are called illusions. For instance, when the 
retina of the eye is irritated by a blow, we imagine we 
see a light in our field of vision, because we have, 
throughout our lives, felt irritation in the optic nervey 
only when there was light in tlie field of vision, and have 
become accustomed to identify the sensations of those 
oerves mth the presence of light in the field ot vision. 
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Moreover, such is the complexity of the iiifluencee affect- 
ing the formation both of character in general and of the 
mental condition at any given moment, that thia earaa 
kind of induction necessarily plays a leading part in the 
investigation of psychological processes. In fact, in 
ascribing to ourselves free-will, that is, full power to act 
as we please, without being subject to a stern inevitable 
law of causality, we deny in toto the possibility of re- 
ferring at least one of the ways in which our mental 
activity espresaes itself to a rigorous law. 

We might possibly, in opposition to logical ijiduction 
which reduces a question to clearly- defined universal 
propositions, call this kind of reasoning (esthetic iv-duc- 
tion, because it is most conspicuous in the higher class of 
works of art. It is an essential part of an artist's talent 
to reproduce by words, by form, by colour, or by music, 
the external indications of a character or a state of niind, 
and by a kind of instinctive intuition, uncontrolled by 
any definable rule, to seize the necessary steps by which 
we pass from one mood to another. If we do find tliat 
the artist has consciously worked after general rules and 
abstractions, we think bis work poor and commonplace, 
and cease to admire. On the contrary, the works of 
great artists bring before us characters and moods with 
such a lifelikenesa, with such a wealth of individual traits 
■ and such an overwhelming' conviction of truth, that they 
almost seem to be more real than the reality itself, because 
all disturbing influences are eliminated. 

Now if, after these reflections, we proceed to review 
the different sciences, and to classify them according to 
the method by which they must arrive at their results, 
we are brought face to face with a generic difference 
between the natural and the moral sciences. The natural 
sciences are for the most part in a position to reduce their 
inductions to sliarplv-' -fined general rules and principles; 
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the jnoral sciences, on the other hand, have, in by far the 
most numerous cases, to do with conclusions arrived at by 
psychological instinct. Philology, in so far as it is con- 
cerned with the interpretation and emendation of the 
texts handed down to us, must seek to feel out, as it were, 
the meaning which the author intended to express, and 
the accessory notions which he wished his words to 
suggest ; and for that purpose it is necessary to start with 
a correct insight, both into the personality of the author, 
and into the genius of the language in which he wrote. 
All this affords scope for aesthetic, but not for strictly 
logical induction. It is only possible to pass judgment, 
if you have ready in your memory a great number of 
similar facts, to be instantaneously confronted with the 
question you are trying to solve. Accordingly, one of 
the first requisites for studies of this class is an accurate 
and ready memory. Many celebrated historians and 
philologists have, in fact, astounded their contemporaries 
by their extraordinary strength of memory. Of course 
memory alone is insufficient without a knack of every- 
where discovering real resemblance, and without a deli- 
cately and fully trained insight into the springs of human 
action ; while this again is imattainable without a certain 
warmth of sympathy and an interest in observing the 
working of other men's minds. Intercourse with our 
fellow-men in daily life must lay the foundation of this 
insight, but the study of history and art serves to make 
it riclier and completer, for there we see men acting 
under comparatively unusual conditions, and thus come 
to appreciate the full scope of the energies which lie 
hidden in our breasts. 

None of this group of sciences, except grammar, lead 
us, as a rule, to frame and enunciate general laws, valid 
under all circumstances. The laws of grammar are a 
product of the human will, though they can hardly he 
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said to have been framed deliberately, but rather to have 
grown up gradually, as they were wanted. Accordingly, 
they present themselves to a learner rather in the form 
cif commands, that is, of la^^ imposed by external ati- 
Ihority. 

With these sciences theology and jurisprudence are 
naturally connected. In fact, certain branches of history 
and pliilology serve both as atepping-atones and aa hand- 
maids to them. The general laws of theology and juris- 
prudence are likewise commands, laws imposed by external 
authority to regulate, frona a moral or juridical point of 
view, the actions of mankind ; not laws which, like those 
of natui-e, contain generalisations from a vast multitude 
of facts. At the same time the application of a gramma- 
tical, legal, moral, or theological rule is couched, like the 
application of a law of nature to a particular case, in the 
forms of logical inference. The rule forms the major 
premiss of the syllogism, while the minor must settle 
whether the case in question satisfies the conditions to 
which the rule is intended to apply. The solution of this 
latter problem, whether in grammatical analysis, where 
the meaiung of a sentence is to be evolved, or in the legal 
criticism of the credibility of the facta alleged, of the 
intentions of the parties, or of the meaning of the docu- 
ments they have put into court, will, in most cases, be 
again a matter of psychological insight. On the other 
hand, it should not be forgotten that both the syntax of 
fully-developed languages and a system of jurisprudence 
gradually elaborated, as ours has been, by the practice of 
more than 2,000 yeiirs,' have reached a high pitch of 
logical completeness and consistency ; so that, speaking 
generally, the cases which do not obviously fall under 
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some one or other of the laws actually laid down are 

cjuite exceptional. Such exceptions there will always be, 
for the legislation of man can never have the absolute 
consistency and perfection of the laws of nature. In 
Buch cases there is no courise open but to try and gueaa 
the intention of the legisla,tor ; or, if needs be, to 
supplement it after the ana,logy of his decisions ill 
similai' cases. 

Grammar and jurisprudence have a certain advantage 
as means of training the intellect, inasmuch as they tax 
pretty equally all the inteUectual powers. On this account 
secondary education among modem European nations Ib 
based mainly upon the grammatical study of foreign 
languages. The mother-tongue and modem foreign lan- 
guages, when acquired solely by practice, do not call for 
any conscious logical exercise of thought, though we may 
cultivate by means of them an appreciation for artistic 
beauty of expression. The two classical languages, Latin 
and Greek, have, besides their exquisite logical subtlety 
and aesthetic beauty, an additional advantage, which tbey 
seem to possess in common with most ancient and original 
languages — they indicate accurately the relations of words 
and sentences to each other by numerous and distinct 
inflexions. Languages are, as it were, abraded by long 
use ; grammatical distinctions are cut down to a mini- 
mum for the sake of brevity and rapidity of expression, 
and are thus made less and less definite, as ie obvious from 
the comparison of any modem European language with 
Latin ; in English the process has gone further than in 
any otJier. This seems to me to be really the reason why 
the modem languages are far less fitted than the ancient 
for instruments of education.' 

' Those to tibam Gormfm is not a foreign tongue may, perhaps, be per* 
mitted to hold dilferent views do the «fflcac; of modera languages ia 
wlucatioQ. — Ttt. 
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As grammar is the staple of school education, legal 
Btudiee are used, and rightly, as a means of ti'alning per- 
sona of maturer age, even when not specially required tor 
professional purposes. 

We now come to those sciences which, in respect of tlie 
kind of intellectual labour they require, stand at the oppo- 
site end of the series to philology and history ; namely, the 
natural and physical sciences. I do not mean to say that 
in many branches even of these sciences an instinctive 
appreciation of analogies and a certain artistic sense have 
no part to play. On the contrary, in natural history the 
decision which characteristics are to be looked upon as 
important for classification, and which as unimportant, 
what divisions of the aninoal and vegetable kingdoms are 
more natural than others, is really left to au instinct of 
this kind, acting without any strictly definable rule. And 
it ia a very suggetitive iact that it was an artist, Goethe, 
who gave the first impulse to the reseaachea of compara- 
tive anatomy into the analogy of corresponding organs in 
different animals, and to the pai^allel theory of the meta- 
morphosis of leaves in the vegetable kingdom ; and thus, 
in fact, really pointed out the direction which the science 
has followed ever since. But even in those departments of 
science where we have to do with the least understood 
vital processes it is, speaking generally, far easier to 
make out general and comprehensive ideas and prin- 
ciples, and to express them in definite language, than in 
cases where we must base our judgment on the analysis of 
the human mind. It is only when we come to the experi- 
mental sciences to whicii mathematics are applied, and 
especially when we come to pure mathematics, that we 
see the peculiar characteristics of the natural and physical 
sciences fully brought out. 

The essential differentia of these sciences seems to ma 
to consist in the compara,tive ease with which the indi- 
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fldual results of observation and experiment are com- 
bined under general laws of unexceptionable validity and 
of an extraordinarily comprehensive character. In tlie 
moral sciences, on the other hand, chis is just the point 
where insuperable difficulties are encountered. In mathe- 
matics the general propositions which, under the name of 
axioms, stand at the head of the reasoning, are so few in 
number, so comprehensive, and so immediately obvious, 
that no proof whatever is needed for them. Let me 
' remind you that the whole of algebra and arithmetic is 
developed out of the three axioms : 

' Things which are equal to the same things are equal 
to one another.' 

' If equals be added to equals, the wholes are equal.' 
' If unequals be added to equals, the wholes are unequal.' 
And the axioms of geometry and mechanics are not more 
numerous. The sciences we have named are developed out 
of these few axioms by a continual process of deduction 
from them in more and more complicated cases. Algebra, 
however, does not confine itself to finding the sum of the 
most heterogeneous combinations of a finite number of 
magnitudes, but in the higher analysis it teaches us to 
sum even infinite series, the terms of which increase or 
diminish according to the most various laws ; to solve, in 
fact, problems which could never be completed by direct 
addition. An instance of this kind shows us the conscious 
logical activity of the mind in its purest and most perfect 
form. On the one hand we see the laborious nature of 
the process, the extreme caution with which it is necessary 
to advance, the accuracy required to determine exactly the 
scope of such universal principles as have been attained, 
the difficulty of forming and understanding abstract con- 
ceptions. On the other hand, we gain confidence in the 
cei*tainty, the range, and the fertility of this kind of 
intellectual work. 
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The fertility of the mettod comes out more strikingljl 
in applied mathematics, especially in mathematical I 
physics, includin}^, of coursf, physical astronomy. From I 
the time when Newton discovered, by analysing tie I 
motions of the planets on mechanical principles, that I 
every particle of ponderable matter in the universe | 
attracts every other particle with a force varying in- 
versely as the square of the distance, astronomers have I 
been able, In virtue of that one law of gravitation, to | 
calculate with the greateet accuracy the movements c 
the planets to the remotest past and the most distant 
future, given only the position, velocity, and mass of each 1 
body of our system at any one time. More than that, we 
recognise the operation of this law in the moveraenta of 
double stars, whose distances from us are so great that 
their light takes yeara to reach us ; in some cases, indeed, 
BO great that all attempts to mcasiu'e them have failed. 

This discovery of the la"w of gravitation and its conse- 
quences is the most imposing achievement that the 
logical power of the human mind has hitherto per- 
formed. I do not mean to say that there have not been 
men who in power of abstraction have equalled or even 
flurpiiased Kewton and the other astronomers, who either 
paved the way for his discovery, or have carried it out to 
its legitimate consequences; but there has never been 
presented to the human mind such an admirable subject 
as those involved and complex movements of the planets, 
whicli hitherto had served merely as food for the astrolo- 
gical superstitions of ignorant star-gazers, and were now 
reduced to a single law, capable of rendering the most 
exact account of the minutest detail of their motions. 

The principles of this magnificent discovery have been 
successfully applied to several other physical sciences, 
among which physical optics and the tbeoiy ot electricity 
and magnetism are especially worthy of notice. The ex- 
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perimental Bciences have one greai advantage over tha 
natural sciences in the investigation of general laws of 
nature : they can change at pleasure the conditions 
vhich a given result takes place, and can thus confine 
themselves to a small number of characteristic instances, 
in order to discover the law. Of course its validity must 
then stand the test of application to more comples casea. 
Accordingly the physical aciences, when once the right 
methods have been discovered, have made proportionately 
rapid progress. Not only have they allowed us to look 
hack into primseval chaos, where nebulous masses were 
forming themselves into suns and planets, and becom- 
ing heated by the energy of their contraction ; not only 
have they permitted us to investigate the chemical con- 
stituents of the solar atmosphere and of the remotest 
fixed stars, but they have enabled ua to turn the forces of 
surrounding nature to our own uses and to make them the 
ministers of our will- 
Enough has been said to show how widely the intel- 
lectual processes involved in this group of sciences differ, 
for the most part, from those required by tje moral 
sciences. The mathematician need have no memory 
whatever for detached facts, the physicist hardly any. 
Hypotheses based on the recollection of similar cases may, 
indeed, be useful to guide one into the right track, but 
they have no real value till they have led to a precise and 
strictly defined law. Nature does not allow us for a moment 
to doubt that we have to do with a rigid chain of cause 
and affect, admitting of no exceptions. Therefore to us, 
as her students, goes forth the mandate to labour on tiE we 
have discovered unvarying laws ; till then we dare not rest 
satisfied, for then only can our knowledge grapple victo- 
riously with time and space and the forces of the universe. 
The iron labour of conscious logical reasoning demands 
great perseverance and great caution; it moves oa but 
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slowly, and ia rarely illmninated by brilliant Baalies of 
{Teaius. It knows little of tliat facility with wbich tlie 
tnoat varied inatanoea come thronging into the memory of 
the philologist or the historian. Kather is it an essentisil 
condition o£ the metbodical progress of mathematical 
reasoning that the mind should remain concentrated on i 
singlo point, undisturbed alike by collateral ideas on tlie 
one hand, and by wishes and hopes on the other, ani) 
moving on steadily in the direction it has deliberately 
chosen. A celebrated lo^dcian, Mr. John Stuart Mill. 
expresses his conviction that the inductive sciences have 
of late done more for the advance of logical metlioda than 
the labours of philosophers properly so called. One essen- 
tial ground for aucb an assertion must undoubtedly be that 
in no department of knowledge can a fault in the chain of 
reasoning be so easily detected by the incorrectnesa of the 
results as in those sciences in which the results of reaaon- 
ing can be most directly compared with the facts of nature. 
Though I have maintained that it is in the physical 
sciences, and especially in such branches of them as are 
treated mathematically, that the solution of scientific 
problems has Ijeen most Buccessfully achieved, you will 
not, I trust, imagine that I wish to depreciate other 
studies in comparison with them. If the natural and 
physical sciences have the advantage of great perfection 
in form, it ia the privilege of the moral sciences to deal 
with a richer material, with questiona that touch more 
nearly the interests and the feelings of men, with the 
human mind itself, in fact, in its motives and the 
different branches of its activity. They have, indeed, 
the loftier and the more difficult task, but yet tliey 
cannot aEFord to lose sight of the example of their rivak, 
which, in form at least, have, owing to the more ductile 
nature of their materials, made greater progress. Not 
only have they something to learn from them in point (A 
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method, but they may also draw encouragement from 
the greatness of their results. And I do think that oiur 
age has leamt many lessons from the physical sciences. 
The absolute, unconditional reverence for facts, and the 
fidelity with which they are collected, a certain distrust- 
fulness of appearances, the effort to detect in all cases 
relations of cause and effect, and the tendency to assume 
their existence, which distinguish our century from pre- 
ceding ones, seem to me to point to such an influence. 

I do not intend to go deeply into the question how 
far mathematical studies, as the representatives of con- 
scious logical reasoning, should take a more important 
place in school education. But it is, in reality, one of 
the questions of the day. In proportion as the range of 
science extends, its system and organisation must be 
improved, and it must inevitably come about that in- 
dividual students will find themselves compelled to go 
through a stricter course of training than grammar is in 
a position to supply. What strikes me in my own ex- 
perience of students who pass from our classical schools 
to scientific and medical studies, is first, a certain laxity 
in the application of strictly universal laws. The gram- 
matical rules, in which they have been exercised, are 
for the most part followed by long lists of exceptions ; 
accordingly they are not in the habit of relying implicitly 
on the certainty of a legitimate deduction from a strictly 
universal law. Secondly, I find them for the most part 
too much inclined to trust to authority, even in cases 
where they might form an independent judgment. In 
fact, in philological studies, inasmuch as it is seldom 
possible to take in the whole of the premisses at a glance, 
and inasmuch as the decision of disputed questions often 
depends on an aesthetic feeling for beauty of expres- 
sion, and for the genius of the language, attainable 
only by long training, it must often happen that the 
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Btudent is referred to authorities even by the best 
teachers. Both faults are traceable to a certain in- 
dolence and va«rueness of thought, the sad effects of 
which are nut confined to subsequent scientific studies. 
Hut certainly the best remedy for both is to be found in 
mathematics, where there is absolute certainty in the 
reasouiug, and no authority is recognised but that of 
one's own intelligence. 

So mucli for the several branches of science considered 
as exercises for the intellect, and as supplementing each 
other in that respect. But knowledge is not the sole 
object of man upon earth. Though the sciences arouse 
and educate tlie subtlest powers of the mind, yet a man 
who should study simply for the sake of knowing, would 
assuredly not fulfil the purpose of his existence. We 
often see men of considerable endowments, to whom 
their good or bad fortune has secured a comfortable 
livelihood or good social position, without giving them, 
at the same time, ambition or energy enough to make 
them work, dragging out a weary, imsatisfied existence, 
while all tlie time they fancy they are following the 
noblest aim of life by constantly devoting themselves to 
the increase of their knowledge, and the cultivation of 
their minds. Action alone gives a man a life worth 
living ; and therefore he must aim either at the practical 
application of his knowledge, or at the extension of the 
limits of science itself. For to extend the limits of science 
is really to work for the progress of humanity. Thus we 
pass to the second link, imiting the different sciences, 
the connection, namely, between the subjects of which 
they treat. 

Knowledge is power. Our age, more than any other, 
is in a position to demonstrate the truth of this maxim. 
We have taught the forces of inanimate nature to 
minister to the wants of human life and the designs of 



''HATUEAL SCIENCE TO GE.VEKAL SCIENCE. 2T 

be humaii intellect. The application of steam haa 
multiplied our physical strength a million-fold ; weaving 
md spinning machines have relieved tia of labours, the 
only merit of which consiated in a deadening monotonj. 
The intercourse between men, with its far-reaching in- 
fluence on material and intellectual progiesa, has increased 
extent of which no one could have even dreamed 
Mrithin the lifetime of the older among us. But it is not 
merely on the machines by which our powers are multi- 
plied; not merely on rifled cannon, and armour-plated 
BhipB ; not merely on accumulated stores of nioney and 
the necessaries of life, that the power of a nation rests j 
though these things have esereised so i in mi stateable an 
influence, that even the proudest and moat obstinate 
despotisms of our times have been forced to think of 
removing restrictions on industry, and of conceding to 
tlie industrious middle classes a due voice in tlieir 
counsels. But political organisation, the administration 
of justice, and the moral discipline of individual citizens 
are no leas important conditions of the preponderance of 
civiliaed nations ; and so surely as a nation remains in- 
accessible to the influences of civilisation in these respects, 
80 surely is it on the high mad to destruction. The 
several conditions of national prosperity act and react on 
each other ; where the administration of justice is uncer- 
tain, where the interests of the majority cannot be asserted 
by legitimate means, the development of the national 
resources, and of the power depending upon them, ia 
impossible ; nor again, ia it possible to make good soldiers 
except out of men who have learnt under just laws to 
educate the sense of honour that characterises an inde- 
pendent man, certainly not out of those who have lived 
the submissive slaves of a capricious tyrant. 

Accordingly every nation is interested in the progress 
of knowledge on the simple ground of self-preservation, 
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even were there no higlier wuot.s of an ideal character to 
be satisfied ; and not merely in the development of the 
physical eciences, and their technical application, but 
also in the progress of legal, political, and moral Bcienoes, 
anil of the accessory historical and philological studies. 
No nation which would be independent and influential 
can afford to be left behind in the race. Nor has this 
escaped the notice of the cultivated peoples of Europe. 
Never before was so large a part of the public resources 
devoted to imiveraities, schools, and scientific institutionB. 
We in Heidelberg have this year occasion to congratu- 
late ourselves on another rich endowment granted by our 
government and our parliament. 

I was speaking, at the beginning of my address, of the 
increasing division of labour and the improved organisa- 
tion among scientific workers. In fact, men of science 
form, as it were, an organised army, labouring on behalf 
of the whole nation, and generally under its direction 
and at its expense, to augment the stock of such know- 
ledge as may servo to promote industrial enterprise, to 
increase wealth, to adorn life, to improve pi.Iitieal and 
social relations, and to further the moral development of 
individual citizens. After the immediate practical re- 
sults of their work we forbear to inquire ; that we leave 
to the uuinstructed. We are convinced that whatever 
contributes to the knowledge of the forces of nature or 
the powers of the human mind is worth cherishing, and 
may, in its own due time, bear practical fruit, very often 
where we should least have expected it. Who, when 
Galvani touched the muscles of a frog with different 
metals, and noticed their contraction, could have dreamt 
that eighty years afterwards, in virtue of the self-same 
process, whose earliest manifestations attracted his at- 
tention in his anatomical researches, all Europe wotdd 
be traversed with wires, flashing intelligence from' Madrid 
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to St. Petersburg with the speed of lightning ? In the 
hands of G-alvani, and at first even in Volta's, electrical 
currents were phenomena capable of exerting only the 
feeblest forces, and could not be detected except by the 
most delicate apparatus. Had they been neglected, on 
the ground that the investigation of them promised no 
immediate practical result, we should now be ignorant of 
the most important and most interesting of the links 
between the various forces of nature. When young 
Galileo, then a student at Pisa, noticed one day during 
divine service a chandelier swinging backwards and for- 
wards, and convinced himself, by counting his pulse, that 
the duration of the oscillations was independent of the 
arc through which it moved, who could know that this 
discovery would eventually put it in our power, by means 
of the pendulum, to attain an accuracy in the measure- 
ment of time till then deemed impossible, and would 
enable the storm-tossed seaman in the most distant oceans 
to determine in what degree of longitude he was sailing ? 
Whoever, in the pursuit of science, seeks after imme- 
diate practical utility, may generally rest assured that he 
will seek in vain. All that science can achieve is a perfect 
knowle^e and a perfect understanding of the action of 
natural and moral forces. Each individual student must 
be content to find his reward in rejoicing over new dis- 
coveries, as over new victories of mind over reluctant I 
matter, or in enjoying the aesthetic beauty of a well- ; 
ordered field of knowledge, where the connection and the 
filiation of eveiy detail is clear to the mind, and where all 
denotes the presence of a ruling intellect ; he must rest 
satisfied with the consciousness that he too has contributed 
something to the increasing fund of knowledge on which 
the dominion of man over all the forces hostile to intelli- 
gence reposes. He will, indeed, not always be permitted 
to expect from his fellow-men appreciation and reward 
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adequate to the value uf his work. It is only too true, 
that many a man to whom a monument has been erected 
after his death, would have been delighted to receive 
during hia lifetime a tenth part of the money spent in 
doing honour to his memory At the same time, we must 
acknowledge that the value of scientific discoveries is now 
far more fully recognised than formerly by public opinion, 
and that instances of the authors of gi'eat advances in 
science starving in obscurity have become rarer and rarer. 
On the contrary, the governments and peoples of Europe 
have, as a rule, admitted it to be their duty to recompense 
diattnguished achievements in science by appropriate ap- 
pointments or special rewards. 

The sciences have then, in this respect, all one common 
aim, to establish the supremacy of intelligence over the 
world : while the moral sciences aim directly at making 
the resources of intellectual life more abundant and more 
interesting, and seek to separate the pure gold of Truth 
from alloy, the physical stiencea are striving indirectly 
towards the same goal, inasmuch as they labour to make 
mankind more and more independent of the material re- 
straints that fetter their activity. Each student works in 
hia own department, be chooses for himself those tasks for 
which he is beat fitted by hia abilities and his training. 
But each one must be convinced that it is only in connec- 
tion with others that he can further the great work, and 
that therefore he ia bound, not only to inveatigate, but to 
do his utmost to make the i-esults of his investigation 
completely and easily aceeasible. If be does this, he will 
derive assistance from others, and will in his turn be able 
to render them his aid. The annals of science abound in 
evidence how such mutual services have been exchanged, 
even between departments of science apparently most 
remote. Historical chronology is essentially based on 
astronomical calculations of eclipses, accounts of which 
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preserved in ancient hiatoriea. Conversely, many of 
tile important data of astronomy- — ^for iostance, the in- 
Tariability of the length of the day, and the periods of 
several comets — rest upon ancient historical notices. Of 
iate years, physiologists, especially Briieke, have actually 
undertaken to draw up a complete system of all the 
Vocables that can be produced by the organs of speech, 
and to base upim it propositions for an universal alphabet, 
adapted to all human languages. Thus physiology has 
entered the service of comparative philology, and has 
already succeeded in accounting fof~^any apparently 
anomalous substitutions, on the ground that they are 
governed, not as bitlierto supposed, by the laws of eu- 
phony, but by similarity between the movements of the 
mouth that produce them. Again, comparative philo- 
logy gives U9 information abaut the relationships, the 
separations and the migrations of tribes in prehisloi 
times, and of the degree of civilisation which they hi 
reached at the tioie when they parted. For the names of 
objects to which they had already learnt to give distinc- 
tive appellations reappear as words common to their later 
languages. So that the study of languages actually gives 
us historical data for periods respecting which no other 
historical evidence exists.' Yet again I may notice the 
help which not only the sculptor, but the archseologist, 
concerned with the investigation of ancient statues, 
derives from anatomy. And if I may be permitted to 
refer to my own most recent studies, I would mention 
that it is possible, by reference to physical acoustics 
and to the physiological theory of the sensation of hear- 
ing, to account for the elementary principles on which 
our musical system is constructed, a problem essentially 
within the sphere of esthetics. In fact, it is a general 
principle that the physiology of the organs of sense 
' See, for example, Mommaen'a Rume, Book I. ch. ii.^Ts. 
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moat iDtimately oonnect&d with psychology, inaamucli aa 
physiology traces in our aensationa the results of mental 
processeB which do not fall withiu the sphere of con- 
clouanesa, and must therefore have remained inaccessible 
to us. 

I have been able to quote only some of the most 
striking instances of this interdependence of different 
sciences, and such as could be explained in a few words. 
Naturally, too, I have tried to choose them from the most 
widely-separated sciences. But far wider ia of course the 
influence which allied sciences exert upon each other, 
Of that I need not speak, for each of you knows it from 
his own esperience. 

In conclusion, I would say, let each of ua think of him- 
self, not as a man seeking to gratify his own thii'st for 
knowledge, or to promote his own private advantage, or 
to shine by hia own abilities, but rather aa a fellow- 
labourer in one great ccraniou work bearing upon the 
highest interests of humanity. Then assuredly we shall 
not fail of our reward in the approval of our own con- 
science and the esteem flf our fellow-citizens. To keep 
I up these relations between all seai'chers after truth and 
all branches of knowledge, to animate them all to vigo- 
rous co-operation towards their common end, is the great 
office of the Universities. Therefore is it necessary that 
the four Faculties should ever go hand in hand, and in 
this conviction will we strive, so far as in us lies, to press 
onward to the fulfilment of our great mission. 
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It could not but be that Goethe, whose comprehensive 
genius was most strikingly apparent in that sober clear- 
ness with which he grasped and reproduced with lifelike 
freshness the realities of nature and human life in their 
minutest details, should, by those very qualities of his 
mind, be drawn towards the study of physical science. 
And in that department, he was not content with ac- 
quiring what others could teach him, but he soon at- 
tempted, as so original a mind was sure to do, to strike 
out an independent and a very characteristic line of 
thought. He directed his energies, not only to the 
descriptive, but also to the experimental sciences; the 
chief results being his botanical and osteological treatises 
on the one hand, and his theory of colour on the other. 
The first germs of these researches belong for the most 
part to the last decade of the eighteenth century, though 
some of them were not completed nor published till later. 
Since that time science has not only made great progress, 
but has widely extended its range. It has assumed in 
some respects an entirely new aspect, it has opened out 
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new fields of research and undergone many changes 
theoretical views. I shall attempt in the following 
Lecture to sketch the relation of Goethe's researches 
the present stand-point of science, and to bring out the 
guiding idea that is common to them all. 

Tlie peculiar character of the descriptive sciences- 
botany, zoology, anatomy, and the like — is a necessary 
result of the work imposed upon them. They undertake 
to collect and sift an enorraous mass of facts, and, above 
all, to bring them into a logical order or system. Up to 
this point their work is only the dry task of a lexico- 
grapher; their system is nothing more than a muniment- 
room in which the accumulation of papers is so arranged 
that any one can find what he wauta at any xnoment. 
The more intellectual part of their work and their real 
interest only begins when they attempt to feel after the 
scattered traces of law and order in the disjointed, hetero- 
geneous mass, and out of it to construct for themselves an 
orderly system, accessible at a glance, in which every 
detail has its due place, and gains additional interest from 
its connection with the whele. 

In such studies, both the organising capacity and the 
insight of our poet found a congenial sphere — the epoch 
was moreover propitious to him. He found ready to 
his hand a sufficient store of logically arranged mate- 
rials in botany and comparative anatomy, copious and 
systematic enough to admit of a comprehensive view, 
ivnd to indicate the way to some happy glimpse of an 
all-pervading law ; while his contemporaries, if they made 
any efforts in this direction, wandered without a com- 
pass, or eUe they were so absorbed in the dry registra- 
tion of facts, that they scarcely ventured to think of 
anything beyond, It was reserved for Goethe to intro- 
duce two ideas of infinite fruitfulness. 

The first was the conception that the differences in 
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anatomy of different animals are to be looked upon as 

variations from a common phase or type, induced by dif- 
ferences of habit, locality, or food. The observation 
which led him to this fertile conception was by no means 
a striking one ; it ia to be found in a monograph on the 
intermaxillary bone, written as early as 1786. It was 
known that in most vertebrate animals (that ia, mam- 
malia, birds, amphibia, and fishes) the upper jaw consists 
of two bones, the upper jaw-bone and the intermaxillary 
bone. The former always contains in tbe mammalia the 
molar and the canine teeth, the latter the incisors. Man, 
who is distinguished from all other animals by tbe ab- 
sence of the projecting snout, has, on the contrary, on 
each aide only one bone, the upper jaw-bone, containing 
all the teeth. This being so, Goethe discovered in the 
human skull faint traces of tbe sutures, which in animals 
unite the upper and middle jaw-bones, and concluded 
from it that man had originally possessed an inter- 
maxillary bone, which had subsequently coalesced with 
the upper jaw-bone. This obscure fact opened up to him 
a source of the most intense interest in tbe field of osteo- 
logy, generally so much decried as the driest of studies. 
That details of structiu-e should be the same in man and 
in animals when the parts continue to perform similar 
functions had involved nothing extraordiaaiy. In fact, 
Camper had already attempted, on this principle, to trace 
similarities of structure even between man and fishes. 
But tbe persistence of this similarity, at least in a rudi- 
mentary form, even in a case when it eridently does not 
correspond to any of the requirements of tbe complete 
human structure, and consequently needs to be adapted 
to them by tbe coalescence of two parts originally sepa- 
rate, was what struck Goethe's far-seeing eye, and sug- 
gested to him a far more comprehensive view than had 
hitherto been taken. Further studies soon convinced 
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him of the universality of his newly-discovered principle, 
80 that in 1795 and 1796 he was able to define more 
clearly the idea that had struck him in 1786, and to 
commit it to writing in his ' Sketch of a General Intro- 
duction to Comparative Anatomy.' He there lays down 
with the utmost confidence and precision, that all differ- 
ences in the structm-e of animals must be looked upon as 
variations of a single primitive type, induced by the 
coalescence, the alteration, the increase, the diminution, 
or even the complete removal of single parts of the 
structure ; the very principle, in fact, which has become 
the leading idea of comparative anatomy in its present 
stage. Nowhere has it been better or more clearly ex- 
pressed than in Goethe's writings. Sul>sequent authorities 
have made hut few essential alterations in hia theory. 
Tne most important of those is, that we no longer under- 
take to construct a common type for the whole animal 
kingdom, but are content with one for each of Cuvier's 
great divisions. The industry of Goethe's successors has 
accumulated a well-sifted stock of facts, infinitely more 
copious than what he could command, and has followed 
up aucceBsfuUy into the minutest details what he could 
only indicate in a general way. 

The second leading conception which science owes to 
Goethe enunciated the existence of an analogy between 
the different parts of one and the same organic being, 
similar to that which we have just pointed out as sub- 
sisting between corresponding parts of different species. 
In most organisms we see a great repetition of single 
parts. This is most striking in the vegetable kingdom : 
each plant has a great number of similar stem leavw, 
similar petals, similar stamens, and so on. According to 
Goethe's own account, the idea first occurred to him while 
looking at a fan-palm at Padua. He was struck by the 
immense variety of changes if form which the sue- 
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ceBaively-developed atem-leaves exhibit, ty the way in 
which tlie first simple root leaflets are replaced by a series 
of more and mora divided leaves, till we come to the most 
complicated. 

He afterwards succeeded in discovering the transforma- 
tion of stem-leaveB into sepals and petals, and of sepals 
and petals into stamens, nectaries, and ovaries, and tiius 
he was led to the doctrine of the metamorphosis of plants, 
which he published in 1790. Just as the anterior extre- 
mity of vertebrate animals takes different forms, becoming 
in man and in apes an arm, in other animals a paw with 
claws, or a forefoot with a hoof, or a fin, or a wing, but 
always retains the same divisions, the same position, and 
the same connection with the trunk, so the leaf appears 
as a cotyledon, stem-leaf, sepal, petal, stamen, nectary, 
ovary, &c., all resembling each other to a certain estent 
in origin and composition, and even capable, under 
certain unusual conditions, of passing from one form into 
the other, as, for example, may be seen by any one who 
looks carefully at a full-blown rose, where some of the 
stamens are completely, some of them partially, changed 
into petals. This view of Groethe's, like the other, is now 
completely adopted into science, and enjoys the universal 
assent of botanists, though of course some details are still 
matters of controversy, as, for instance, whether the bud 
is a single leaf or a branch. 

In the animal kingdom, the composition of an indi- 
vidual out of several similar parts is very striking in the 
great sub-kingdom of the articulata — for example, in 
insects and worms. The larva of an insect, or the cater- 
pillar of a butterfly, consists of a number of perfectly 
similar segments ; only the first and last of them differ, 
and that but slightly, from the others. After their 
transformation into perfect insects, they furnish clear and 
limple exemplifications of the view which Goethe had 
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grasped in his doctrine of the metamoTphosia of plants, 
the development, namely, of apparenUy very dissimilar 
forms from parts originally alike. The posterior seg- 
ments retain their original simple form ; those of the 
breast-plate are drawn closely together, and develop feet 
and wings; while those of the head develop jaws and 
feelers ; so that in the perf'ect insect, the original seg- 
ments are recognised only in the posterior part of the 
body. In the vertebi'ata, again, a repetition of similar 
parts is suggested by the vertebral column, but has ceased 
to be observable in the external form. A fortunate glance 
at a broken slieep's skull, which Goethe found by acci- 
dent on the sand of the Lido at Venice, suggested to him 
that the skull itself consisted of a series of very much 
altered vertebrse. At first sight, no two things can be 
more unlike than the broad uniform cranial cavity of the 
mammalia, inclosed by smooth plates, and the narrow 
cylindrical tube of the spinal marrow, composed of short, 
maasy, jagged bones. It was a bright idea to detect the 
transformation in the skull of a mammal ; the similarity 
is more striking in the amphibia and fishes. It should 
be added that Goethe left this idea unpublished for a 
long time, apparently because he was not quite sure how 
it would be received. Meantime, in 1806, the same idea 
occurred to Oken, who introduced it to the scientific 
world, and afterwards disputed with Goethe the priority 
of discovery. In fact, Goethe had waited till 1817, when 
the opinion had begun to find adherents, and then de- 
clared that he had had it in his mind for thirty years. 
Up to the present day, the number and composition of 
the vertebras of the skull are a subject of controversy, 
but the principle has maintained its ground. 

Goethe's views, however, on the existence of a common 
^e in tlie animal kingdom do not seem to have exercised 
any direct influence on the progress of science. The 
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doctrine of the metamorphosis of plants was introduced 
into botany as his distinct and recognised property ; but 
his views on osteology were at first disputed by ana- 
tomists, and only subsequently attracted attention when 
the science had, apparently on independent grounds, 
found its way to the same discovery. He himself com- 
plains that his first ideas of a common type had en- 
countered nothing but contradiction and scepticism at 
the time when he was working them out in his own mind, 
and that even men of the fireshest and most original 
intellect, like the two Von Humboldts, had listened to 
them with something like impatience. But it is almost 
a matter of course that in any natural or physical science, 
theoretical ideas attract the attention of its cultivators 
only when they are advanced in connection with the 
whole of the evidence on which they rest, and thus justify 
their title to recognition. Be that as it may, Goethe is 
entitled to the credit of having caught the first glimpse 
of the guiding ideas to which the sciences of botany and 
anatomy were tending, and by which their present form 
is determined. 

But great as is the respect which Goethe has secured 
by his achievements in the descriptive natural sciences, 
the denunciation heaped by all physicists on his re- 
searches in their department, and especially on his 
' theory of colour,' is at least as uncompromising. This 
is not the place to plunge into the controversy that 
raged on the subject, and so I shall only attempt to state 
clearly the points at issue, and to explain what prin- 
ciple was involved, and what is the latent significance 
of the dispute. 

To this end it is of some importance to go back to the 
history of the origin of the theory, and to its simplest 
form, because at that stage of the controversy the 
points at issue are obvious, and admit of easy and dis« 
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tiact statement, tineD cumbered hj disputes aliont lln] 
correctnesB of detached Ikcts and complicated theoties. 

Goethe liimaelf describes very gracefully, in the 
fession at the end of his ' Theory of Colour,' how be caw 
to take up the subject. Finding himself unable to grasj 
the [esthetic principles involved in effects of colour, la 
reiolved to resume the study of the physical theory, whid 
he had been taug;ht at the university, and to repeat foi 
himself the esperiments connected with it. With thai 
view he borrowed a. prism of Hofrath Biitter, of Jena, but 
was prevented by other occupations from cariying out hii 
plan, and kept it by him for a long time imused. The 
owner of the prism, a very orderly man, after several 
times asking in vain, sent a messenger with instructioDi 
to bring it back directly. Goethe took it out of the case, 
and thought he would take one more peep through it. T 
make cert:ain of seeing something, he turned it towards 
long white wall, under the impression that as there wa» 
plenty of light there he could not fail to see a brilliEmt 
example of the resolution of light into different colonra; 
a supposition, by the way, wlich shows how little Newton's 
theory of the phenomena was then present to his mind. 
Of course he was disappointed. On the white wall he saw 
no colours ; they only appeared where it was bounded bj 
darker objects. Accordingly he made the observation — 
which, it should be added, is fully accounted for by 
Newton's theory — that colour can only be seen through a 
prism where a dark object and a bright one have the same 
boundary. Struck by this observation, which was quite 
new to him, and convinced that it was irreconcilable with 
Newton's theory, he induced the owner of the prism to 
relent, and devoted himself to the question with the 
utmost zeal and interest. He prepared sheets of paper 
with black and white spaces, and studied the phenomenon 
urder every variety of condition, until he thought he hi 
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BuflBciently proved his rules. He next attempted to ex- 
plain his supposed discovery to a neighbour, who was a 
physicist, and was disagreeably surprised to be assured by 
liim that the experiments were well known, and fully 
accounted for in Newton's theory. Every other natural 
philosopher whom he consulted told him exactly the same, 
including even the brilliant Lichtenberg, whom he tried 
for a long time to convert, but in vain. He studied 
Newtoa's writings, and fancied he had found some falla- 
cies in them which accounted for the error. Unable to 
convince any of his acquaintances, he at last resolved to 
appear before the bar of public opinion, and in 1791 and 
1792 published the first and second parts of his 'Contri- 
butions to Physical Optics.' 

In that work he describes the appearances presented by 
white discs on a black ground, black discs on a white 
ground, and coloured discs on a black or white ground, 
when examined through a prism. As to the results of 
the experiments there is no dispute whatever between him 
and the physicists. He describes the phenomena he saw 
with great truth to nature ; the style is lively, and the 
arrangement such as to make a conspectus of them easy 
and inviting ; in short, in this as in all other cases where 
facts are to be described, he proves himself a master. At 
the same time he expresses his conviction that the facts 
he has adduced are calculated to refute Newton's theory. 
There are two points especially which he considers fatal to 
it : first, that the centre of a broad white surface remains 
white when seen through a prism; and secondly, that 
even a black streak on a white ground can be entirely 
decomposed into colours. 

Newton's theory is based on the hypothesis that there 
exists light of difierent kinds, distinguished from one 
another by the sensation of colour which they produce in 
the eye. Thus there is red, orange, yellow, green, bluOf 



42 ON Goethe's sctentific heseaeches. ■ 

and violet light, and light of all intennediate colours. 
Different kinds of light, or differently coloured lights, 
produce, when mixed, derived colours, which to a cer- 
tain extent resemble the original coloura from which 
thej are derived ; to a certain extent form new 
tints, White is a mixtiire of all the before-named 
colours in certain definite proportions. But the pri- 
mitive colours can always he reproduced by analysis 
from derived colours, or from white, while themselvea 
incapable of analysis or change. The cause of the colours 
of transparent and opaque bodies is, that when white light 
falls upon them they destroy some of its constituents and 
send to the eye other eonatituents, but no longer mixed 
in the right proportions to produce white light. Thus a 
piece of red glass looks red, because it transmits only red 
rays. Consequently all colour is derived solely from a 
change in the proportions in wliich light is mixed, and is, 
therefore, a property of light, not of the coloured bodies, 
which only furnish an occasion for its manifestation. 

A prism refracts transmitted light ; that is to say, de- 
flects it so that it makes a certain angle with its original 
direction ; the i-ays of simple light of different colours 
have, according to Newton, different refrangihilities, and 
therefore, after refraction in the prism, pursue different 
courses and separate from each other. Accordingly a 
luminous point of infinitely small dimensions appears, 
when seen through the prism, to be first displaced, and 
secondly, extended into a coloured line, the so-called 
prismatic spectrum, which shows what are called the pri- 
mary colours in the order above-named. If, however, yon 
look at a broader luminous surface, the spectra of the 
point* near the middle are superposed, as may be seen 
from a simple geometrical investigation, in such pro- 
portions as to give white light, except at the edges, where 
certain of the colours are free. This white surface appears 
displaced, as the limiiuoup point did ; but instead of being 
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koloured throughout, it has on one aide a margin of blue 

End violet, on the other a margin of red and yellow. A 
lack patch between two bright surfaces may be entirely 
teovered by their coloured edges ; and when these spectra 
Sneet in the middle, the red of the one and the violet of 
[the other combine to form purple. Thus the colours into - 
|Which, at first sight, it seems as if the black were analysed 
are in reality due, not to the black strip, but to the white 
on each side of it. 

It is evident that at the first moment Goetbe did not 
recollect Newton's theory well enough to be able to find 
out the physical explanation of the facts I have just 
glanced at. It was afterwards laid before him again and 
again, and that in a thoroughly intelligible form, for he 
speaks about it several times in terms that show he under- 
stood it quite correctly. But he is still so dii^satisfied with 
it, that he persists in his assertion that the facta just citea 
are of a nature to convince any one who observes them oi 
the absolute incorrectness of Newton's theory. Neither 
here nor in his later controversial writings does he ever 
clearly state in what he conceives the insufficiency of the 
explanation to consist. He merely repeats again and again 
that it is quite absurd. And yet I cannot see how any one, 
whatever his views about colour, can deny that the theory 
is perfectly consistent with itself; and that if the hypo- 
thesis from which it starts be granted, it explains the 
observed facts completely and even simply. Newton him- 
self mentions these spurious spectra in several passages of 
his optical works, without going into any special eluci- 
dation of the point, considering, of course, that the 
explanation follows at once from his hypothesis. And he 
Bcems to have bad good reason to think so ; for Goethe no 
sooner began to call the attention of his scientific friends 
to the phenomena, than all with one accord, as be himself 
tella us, met bis difficulties with this explanation from 
Newton's principles, which, though not actually in Ua 
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writingi, instantly suggested itself to every one who kuew 
them. 

A reader who tries to realise attentively and thorougblr 
every step in this part of the controversy ia apt to expe- 
rience at this point an uncomfortable, almost a painful 
feeling to see a man of extraordinary atilitiea peraist- 
ently declaring that there ia an obvious absurdity lurking 
in a few inferences appa,rently quite clear and simple. 
He searches and searches, and at last unable, with 
all his efforts, to find any Euch absurdity, or even the 
appearance of it, he gets into a. state of mind in whicb 
his own ideas are, so to speak, crystallised. But it is just 
this obvious, fiat contradiction that makes Goethe's point 
of view in 1792 so interesting and so important. At this 
point he has not as yet developed any theory of his own ; 
there is nothing und^^r discussion but a few easily-grasped 
facts, an to the correctness of which both parties are agreed) 
and yet both hold distinctly opposite views ; neither 
of them even understands what his opponent is driving 
at. On the one side are a number of physicists, who, 
by a long series of the ablest investigations, the most 
elaborate calculations, and the most ingenious inven- 
tions, have brought optics to such perfection, that it, 
and it alone, among the physical sciences, was ban- 
ning almost to rival astronomy in accuracy. Some of 
them have made the phenomena the subject of direct in- 
vestigation ; all of them, thanks to the accuracy with 
which it is possible to calculate beforehand the result 
of every variety in the construction and combination of 
inslruments, have had the opportunity of putting the 
inferences deduced from Newton's views to the test of 
experiment, and all, without exception, agree in ac- 
cepting them. On the other side is a man whose 
remarkable mental endowments, and whose singular 
talent for seeing through whatever obscures reality, we 
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faave had occasion to recognise, not only in poetry, but' 
also in the descriptive parts of the natural sciences ; and 
this man aflaures us with the utmost zeal that the physicists 
are wrong : he is so convinced of the correctness of his own 
view, that he cannot explain the contradiction except hy 
assuming narrowness or malice on their part, and finally 
declares that he cannot help looking upon his own achieve- 
ment in the theory of colour as far more valuable than 
anything he has accomplished in poetry.' 

So flat a contradiction leads us to suspect that there 
must be behind some deeper antagonism of principle, 
some diflerence of organisation between his mind and 
theirs, to prevent them from, understanding each other. 
I wiU try to indicate in the following pages what I con- 
ceive to be the grounds of this antagoniani. 

Goethe, though he exercised his powers in many sphere 
of intellectual activity, is nevertheless, -par excellenaet 
a poet. Now in poetry, as in every other art, the essen- 
tial thing is to make the material of the art, he it words, 
or music, or colour, the direct vehicle of an idea. In a 
perfect work of art, the idea must be present and domi- 
nate the whole, almost unknown to the poet himself, not 
as the result of a long intellectual procesK, but as inspired 
bya direct intuition of the inner eye, or by an outburst of 
excited feeling. 

An idea thus embodied in a work of art, and dressed 
in the garb of reality, does indeed make a vivid im- 
pression by appealing directly to the senses, but loses, of 
coui'se, that universality and that intelligibility which it 
would have had if presented in the form of an abstract 
notion. The poet, feeling how the charm of his works is 
involved in an intellectual process of this type, seeks to 
apply it to other materials. Instead of trying to arrange 
the phenomena of nature under definite conceptions, in- 

' See Eckermaan's Cottversatioite. 
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dependent of intuition, he sits down to contemplate 
as he would a work of art, complete in itself, and certMai 
yield up ita central idea, sooner or later, to a sufBcienl 
Busceptible student. Accordingly, when he sees the skull 
the Lido, which Buggesta to him the vertebral theory uf 
the cranium, ho remarks that it serves to revive his old 
belief, already confirmed by experience, that Nature has 
no secrets from the attentive observer. So again in his 
first conversation with Schiller on the ' Metamorphosis of 
Plants.' To Schiller, as a follower of Kant, the idea is 
the goal, ever to be Bought, but ever unattainable, and 
therefore never to he exhibited aa realised in a phenome- 
non. Goethe, on the other hand, aa a genuine poet, 
conceives that he finds in the phenomenon the direct 
expression of the idea. He himself tells us that nothing 
brought out more sharply the separation between himself 
and Schiller. This, too, ia the secret of his affinity with 
the natural philosophy of Schelling and Hegel, which 
likewise proceeda from the assumption that Nature showa 
us by direct intuition the eeveral steps by which a con- 
ception is developed. Hence, too, the ardour with which 
Hegel and his school defended Goethe's scientific views. 
Moreover this view of Nature accounts for the war which 
Goethe continued to wage against complicated experi- 
mental researches. Just as a genuine work of art cannot 
bear retouching by a strange hand, bo he would have us 
believe Nature resists the interference of the experimenter 
who tortures her and disturbs her ; and in revenge, mis- 
leads the impertinent kill-joy by a distorted image of 
herself. 

Accordingly, in his attack upon Newton he often 
sneers at spectra, tortured through a number of nan'ow 
slits and glasses, and commends the experiments that can 
be made in the open air under a bright sun, not merely 
aa particularly easy and particularly enchanting, but 
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Its particularly convincing! Tlie poetic turn of miudis 
very marked even in his morphological researches. If 
we only examine what has really heeu accompliulied by 
the help of the ideas which he contributed to science, 
we shall be struck by the v«ry singular relation which 
they bear to it. No one will refuse to be convinced if 
you lay before him the series of tranaform.ations by which 
a. leaf passes into a stamen, an arni into a fin or a wing, 
a vertebra into the occipital bone. The idea that all 
the parts of a flower are modified leaves, reveals a con- 
necting law, which surprises na into acquiescence. But 
now try and define the leaf-like organ, determine ite 
essential characteristics, so as to include all the forms 
that we have named. You will find yourself in a diffi- 
culty, for all distinctive marks vanish, and you have 
nothing left, except that a leaf in the wider sense of the 
term is a lateral appendage of the axis of a plant. Tiy 
then to express the proposition 'the parts of the flower 
are modified leaves' in the language of scientific defi- 
nition, and it reads, ' the parts of the flower are lateral 
appendages of the axis.' To see this does not require a 
Goethe. So again it has been objected, and not imjustly, 
to the vertebral theory, that it must extend the notion of 
a vertetra bo much that nothing is left but the bare fact 
— a vertebra is a bone. We are equally perplexed if we 
try to express in clear scientific language what we mean 
by Baying that such and such a part of one animal 
corresponds to such and such a part of another. We do 
not mean that their physiological use is the same, for the 
same piece which in a bird serves as the lower jaw, 
becomes in mammals a tiny tympanal bone. Nor would 
the shape, the position, or the connection of the part in 
question with other parts, serve to identify it in all cases. 
But yet it has been found possible in most cases,, by 
following the intermediate steps, to determine with toler- 
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able certainty which parts correspond to each other. 
Goethe himself said this very clearly : he aays, in speaking 
of the vertebral theory of the skull, ' Such an operpti, 
such au iutuition, cooception, representation, notion, idea, 
or whatever you choose to call it, always retains some- 
thing esoteric and indefinable, stru^le as you will 
against it ; as a general principle, it may be enunciated, 
but cannot be proved; in detail it may be exhibited, 
but can never be put in a cut and dry form.' And so, or 
nearly so, the problem stands to this day. The difference 
may be brought out still more clearly if we consider 
how physiology, which investigates the relations of vital 
processes as cause and effect, would have to treat this 
idea of a common type of animal structure. The science 
might ask, Is it, on the one hand, a correct view, that 
during the geological periods that have passed over the 
earth, oue species has been developed from anotJier, so 
that, for example, the breast-fin of the fish has gradually 
changed into an arm or a wing? Or again, shall we 
Bay that the different species of animals were created 
equally perfect — that the points of resemblance between 
them are to be ascribed to the fact, that in all vertebrate 
animala the first steps in development from the egg can 
only be effected by Nature in one way, almost identical 
in all cases, and that the later analogies of structure are 
determined by these features, common to all embryos ? 
Probably the majority of observers incline to the latter 
view,' for the agreement between the embryos of dif- 
ferent vertebrate animals, in the earlier stages, is very 
striking. Thus even young mammals have occasionally 
rudimentary gills on the side of the neck, like fishes. 
It seems, in fact, that what are in the mature animals 
corresponding parts, originate in the same way diu-ing 
the process of development, so the scientific men have 
I This vat written befuce the appearance of Darwin's OHi/in of Spreinr. 
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r btely begun to make use of embryology as a sort of 
'i check on the theoretical views of comparative anatomy. 
I It is evident that by the application of the physiological 
views juat suggested, the idea of a common type would 
acquire definitenesa and meaning as a distinct 8cienti6o 
conception. Q-oethe did much: ho saw by a happy 
intuition that there was a law, and he followed up the' 
indications of it with great shrewdness. But what lanw 
it was, he did not see ; nor did he even try to find it out. 
That was not in his line. Moreover, even in the present 
condition of science, a definite view on the question is 
impossible ; the very form in which it should be proposed 
is scarcely yet settled. And therefore we readily admit 
that in this department Goethe did all that was possible 
at the time when he lived. I said juat now that he 
treated nature like a work of art. In his studies on 
morphology, he reminds one of a spectator at a play, 
with strong artistie sympathies. His delicate instinct 
makes him feel how all the details fall into their placed 
and work harmoniously together, and how some common' 
purpose governs the whole ; and yet, while this exquisite 
order and symmetry give him intense pleasure, he cannot 
formulate the dominant idea. That is reserved for the 
scientific critic of the drama, while the artistic spectatoy 
feels perhaps, as Goethe did in the presence of natural; 
phenomena, an antipathy to such dissection, fearini 
though without reason, that his pleasure may be spoili 
by it. 

Goethe's point of view in the Theory of Colour is mucli 
the same. We have seen that he rebels against the 
physical theory just at the point where it gives complete 
and consistent explanations from principles once accepted. 
Evidently it is not the insufficiency of the theory to 
explain individual cases that is a stiimbling-blook to 
He takes ofience at the assumption made for the 
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Bake of explaining the phenomena, which seem to him 
abaiud, tliat he locks upon the interpretation as no inter- 
pretation at all. Above all, the idea that white light 
could be composed of coloured light seems to have been 
quite incoDceivable to him ; at the very beginning of the 
controversy, he rails at the disgusting Newtonian white of 
the natural philosophers, an expression which seems to 
show that this was the assumption that most annoyed liim. 
Again, in his later attacks on Newton, which were not 
published till after bin Theory of Colour was completed, 
he rather strives to show that Newton's facts might be 
explained on hia own hypothesis, and that therefore 
Newton's hypothesis was not fully proved, than attempts 
to prove that hypothesis inconsistent with itself or with 
the facts. Nay, he seems to consider the obviousness of 
his own hypothesis so overwhelming, that it need only be 
brought forwai-d to upset Newton's entirely. There are 
only a few passages where he disputes the experiments 
described by Newton. Some of them, apparently, he could 
not succeed in refuting, because the result is not equally 
easy to observe in all positions of the lei^es used, and 
because he was unacquainted with the geometrical rela- 
tions by which the most favourable positions of them are 
determined. In other experiments on the separation of 
simple coloured light by means of prisms alone, Goethe's 
objections are not quite groundless, inasmuch as the isola- 
tion of single colours cannot by this means be so effed 
ally carried out, that after refraction through anothi 
prism there are no traces of other tints at the edges. A 
complete isolation of light of one colour can only be 
etfected by very carefully arranged apparatus, consisting 
of combined prisms and lenses, a set of experiments which 
Goothe postponed to a supplement, and finally left un- 
noticed. When he complains of the complication of 
these contrivances, we need only think of the laborioui 
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and roundabout methods which ehemista must often 
adopt to obtain certain elementary bodies in a pure form ; 
and we need not be surprised to find that it ia impossible 
to solve a similar problem in the case of light in the 
open air in a garden, and with a single prism in one's 
liand.' G-oethe must, consistently with hia theory, deny 
in toto the posaibiHty of isolating pure light of one colour. 
Whether he ever experimented with the proper apparatus 
to solve the problem remains doubtful, as the supplement 
I in which he promised to detail these experiments was 
never published. 

To give some idea of the passionate way in which 
Goethe,iisually so temperate and even courtier-like, attacks 
Nevrton, 1 quote fi'om a few pages of the controversial 
part of his work the following expressions, which he ap- 
plies to the propositions of this consummate thinker in 
physical and astronomical science — 'incredibly impu- 
dent;' 'mere twaddle ;' ' ludicrons explanation ;' 'admi- 
rable for school-children in a go-cart ;' ' but I see nothing 
will do but lying, and plenty of it.' * 

Thus, in the theory of colour, Goethe remains fiiithfiil 
to his principle, that Nature must reveal her secrets of her 
own free will ; that she is but the transparent representa- 
tion of the ideal world. Accordingly, he demands as a 
preliminary to the inveatigation of physical phenomena, 
that the observed facts shall be so arranged that one ex- 
plains the other, and that thus we may attain an insight 

' I rentore to add that I am acguaintpd with the impoBsibilitj of decom- 
poBiDg or changing eimplo cottiuFed light, the two {niaciples which form 
the boflia of NewtoD*H theopy, not merBlj b j hearaaj, but from uctual ob&or- 
vation, havmg been nndsi' the nccra^iCy in one of m^ own reacarcheB of 
obtaining light of one colour in a statu of the greHteet posfiibls puriiy. (See 
Pt^gpndorff'a jfciHoitTi, vol. Isisri. p. 601, on Sir D. Brewster's i'lto ^nfl/y»i* 
^ Sunlight.) 

■ Sometliing parallel to thi? extraordinary proceeding of Goetho'l may b| 
fcnud in Hobbes'B attack on WaUis.— Ta. 
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into thtir connectioD without ever having to trust to any 
thing but our Benses. This demand of his looks most 
attractive, but is esaentially wrong in principle. Foi s 
natural phenomenon is not considered in physical Bcienoe 
to be fully explained until you have traced it back to the 
ultimate forces which are concerned in its production and 
ite maintenance. Now, as we can never become cognizant 
of forces qua forces, but only of their effects, we are cam- 
pelled in every explanation of natural phenomena to 
leave the sphere of sense, and to pass to things which ars 
not objects of sense, and are defined only by abstract con- 
ceptions. When we find a stove warm, and then observe 
that a fire is burning in it, we say, though somewhat in- 
accurately, tliat the former sensation is explained by the 
latter. But in reality this is equivalent to saying, we 
are always accustomed to find heat where fire is burning; 
now, a fire is burning in the stove, therefore we shall find 
heat there. Accordingly we bring our single fact under 
a more general, better known fact, rest satisfied with it, 
and call it falsely an explanation. Evidently, however, 
the generality of the observation does not necessarily imply 
an insight into causes ; such an insight is only obtained 
when we can make out what forces are at work in the 
fire, and how the effects depend upon theni. 

But this step into the region of abstract conceptions, 
which must necessarily be taken, if wb wish to penetrate 
to the causes of phenomena, Bcares the poet away. In 
writing a poem he has been accustomed to look, aa it 
were, right into the subject, and to reproduce his intui- 
tion without formulating any of the steps that led him to 
it. And bis success is proportionate to the vividness of 
the intuition. Such is the fashion in which he would 
have Nature attacked. But the natural philosopher in- 
sists on transporting him into a world of invisible atoms 
and movements, of attractive and repulsive forces, whoi 
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intricate actions and reactiona, though governed by 
strict lawB, can scarcely be taken in at a, glance. To 
him the impressions of sense are not an irreiragable 
authority; he examines what claim they have to be 
trusted ; he asks whether things which they pronounce 
alike are really alike, and whether things which they 
pronounce different are really different ; and often finds 
that he must answer, no I The result of such examination, 
as at present understood, is that the organs of sense do 
indeed give us information about external effects pro- 
duced on them, but convey those effects to oiu* conscioug- 
nesa in a totally different form, so that the character of ft 
sensuous perception depends not so much on the proper- 
ties of the object perceived as on those of the organ by 
which we receive the information. All that the optic 
nerve conveys to us, it conveys under the form of a sensa- 
tion of light, whether it be the rays of the sun, or a blow 
in the eye, or an electric current passing through it. 
Again, the auditory nerve translates everything into phe- 
nomena of sound, the nerves of the skin into sensations of 
temperature or touch. The same electric current whose 
existence is indicated by the optic nerve as a flash of 
light, or by the organ of taste as an acid flavour, excites 
in the nerves of the skin the sensation of burning, The 
same ray of sunshine, which ia called light when it falls 
on the eye, we call heat when it falls on the skin. But 
on the other hand, in spite of their different effects upon 
our organisation, the daylight which enters throiigh our 
windows, and the heat radiated by an iron stove, do not 
in reality differ more or less from each other than the 
red and blue constituents of light. In fact, just as in the 
Undulatory Theory, the red rays are distinguished from 
the blue rays only by their longer period of vibration, 
and their smaller refrangibility, bo the dark heat rays of 
the stove have a still longer period and still smaller re- 
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frangibility than the red lays of light, but are in ei 
other respect exactly similar to them. All these raja, 
whether luminous or non-luminous, have heatiny proper- 
ties, but only a certain number of them, to which for that 
reason we give the name of light, can peneti'ate through 
the transparent part of the eye to the optic nerve, and 
excite a sensation of light. Perhaps the relation between 
our senses and the external world may be best enunciated 
as follows : our sensations are for us only symhola of thfl 
objects of the external world, and correspond to them 
only in some such way as written characters or articulate 
words to the things they denote. They give us, it is tru^, 
information respecting the properties of things without 
US, but no better information than we give a blind man 
about colour by verbal descriptions. 

We see that science haa arrived at an estimate of the 
senses very different from that which was present to the 
poet's mind. And Newton's assertion that white was 
composed of all the colours of the spectrum was the first 
germ of the scientific view which has subsequently been 
developed. For at that time there were none of those 
galvanic observations which paved the way to a know- 
ledge of the functions of the nerves in the production of 
sensations. Natural philosophers asserted that white, to 
the eye the simplest and purest of all our sensations of 
colour, was compounded of leas pure and complex mate- 
rials. It seems to have flashed upon the poet's mind that 
all his principles were unsettled by the results of this 
assertion, and that is why the hypothesis seems to him bo 
unthinkable, so ineffably absurd. We must look upon 
his theory of colour as a forlorn hope, as a desperate at- 
tempt to rescue from the attacks of science the belief in 
che direct truth of our sensations. And this will account 
for the enthusiasm with which he strives to elaborate and 
to defend his theory, for the passionate irritability with 
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which he attacks his opponent, for the overweening im- 
portance which he attaches to these researches in com- 
parison with his other achievements, and for his inacces- 
sibility to conviction or compromise. 

If we now turn to Goethe's own theories on the subject, 
we must, on the grounds above stated, expect to find that 
he cannot, without being untrue to his own principle, 
give us anything deserving to be called a scientific ex- 
planation of the phenomena, and that is exactly what 
happens. He starts with the proposition that all colours 
are darker than white, that they have something of shade 
in them (on the physical theory, whit« compoimded of all 
colours must necessarily be brighter than any of its 
constituents). The direct mixture of dark and light, of 
black and white, gives grey ; the colours must therefore 
owe their existence to some form of the co-operation of 
light and shade. Groethe imagines he has discovered 
it in the phenomena presented by slightly opaque or 
hazy media. Such media usually look blue when the 
light falls on them, and they are seen in front of a dark 
object, but yellow when a bright object is looked at 
through them. Thus in the day time the air looks blue 
against the dark background of the sky, and the sun, 
when viewed, as is the case at sunset, through a thick 
and hazy stratum of air, appears yellow. The physical 
explanation of this phenomenon, which, however, is not 
exhibited by all such media, as, for instance, by plates 
of unpolished glass, would lead us too far from the sub- 
ject. According to Goethe, the semi-opaque medium 
imparts to the light something corporeal, something 
of the nature of shade, such as is requisite, he would 
say, for the formation of colour. This conception alone 
is enough to perplex anyone who looks upon it as a 
physical explanation. Does he mean to say that ma- 
terial particles mingle with the light and fly away with 
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it? But this is G-oethe'a fundamental experiment, 
ia the typical phenomenon under which he tries to 
all the phenomena of colour, especially those conn( 
with the prismatic spectrum. He looks upon all traiH-' 
parent bodies aa slightly hazy, and assumea that the 
prism imparts to the image whicli it shows to an observer 
something of its own opacity. Here, again, it is hard to 
get a definite conception of what is meant. Goethe 
seema to have thought that a prism never gives per- 
fectly defined images, but only indistinct, half- obliterated 
ones, for he puts them a.11 in the same class with the 
double images which are exhibited by parallel platea of 
glass and by Iceland spar. The images formed by a 
prism are, it is true, indistinct in compound light, but 
they are perfectly defined Tvhen simple light is used. If 
you examine, he says, a bright aurfdce on a dark ground 
through a prism, the image ia displaced and blurred by 
the priam. The anterior edge is pushed forward over the 
dark background, and consequently a hazy light on a 
dark ground appears blue, while the other edge is covered 
by the image of the black surface which comes after it, 
and, consequently, being a light image behind a hazy 
dark colour, appeara yellowish-red. But why the an- 
terior edge appeara in front of the ground, the posterior 
edge behind it, and not vice versa, he does not explain. 
Let us analyse this explanation, and try to grasp clearly 
the conception of an optical image. When I see a 
bright object reflected in a mirror, the reason is that 
the light which proceeds from it is thrown back exactly 
as if it came from an object of the same kind behind tho 
mirror. The eye of the observer receives the impression 
accordingly, and therefore he imagines he really sees the 
object. Everyone knows there is nothing real behind 
the mirror to correspond to the image — that no light can 
penetrate thither, but that what is called the image 
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WBimply a geometrical point, in which the reflected rays, 
if produced backwards, would intersect. And, accordinjily, 
■no one expects the image to prodiice any real effect 
behind the mirror. In the same way the priem showa 
UB images of ohjects which occupy a. different position 
■ from the objects themaelvea ; tliat is to say, the light 
which an object sends to the priam is refracted by it, so 
that it appears to come from an object lying to one side, 
called the image. This image, again, is not real ; it is, as 
in the case of reflection, the geometrical point in which 
the refracted rays intersect when produced backwards. 
And yet, according to Goethe, this image is to produce 
real effects by its displacement ; the displaced patch of 
light makes, he says, tlie dark space behind it appear 
blue, just as an imperfectly transparent body would, and 
so again the displaced dark patch makes the bright space 
behind appeal- reddish-yellow. That Goethe really treats 

\ the image as an actual object in the place it appears to 
occupy is obvious enough, especially as he is compelled 

,' to assume, in the course of his explanation, that the 
blue and red edges of the bright space are respectively 
before and behind the dark image which, like it, ia 

p displaced by the prism. He does, in fact, remain loyal 
to the appearance presented to the senses, and treats a 

I geometrical locns as if it were a material object. Again, 
he does not scruple at one time to make red and blue 
destroy each other, as, for esample, in the blue edge of a 
red surface seen thron^h the prism, and at another to 
construct out of them a beautiful purple, as when the 
blue and red edges of two neighbouring white surfaces 
meet in a black ground. And when he comes to Newton's 
more comphcated experiments, he is driven to still more 
marvellous expedients. As long as you treat his explana- 
tions as a pictorial way of representing the physical 
you may acquiesce in them, and even frequently 
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find them vivid and characteristic, but aa physical elud- 
dationa of the phenomena they are absolutely irrational. 
In conclusion, it must be obvious to everyone that the 
theoretical part of the Theory of Colour ia not natural 
philosophy at all ; at the same time we can, to a certain 
extent, see that the poet wanted to introduce a totallj 
different method into the study of Nature, and more or 
less understand how he came to do so. Poetry is con- 
cerned solely with the ' beautiful show ' which makes it 
possible to contemplate the ideal; how that show ia 
produced is a matter of indifference. Even Nature is, in 
the poet's eyea, but the sensible expression of the spiritual. 
The natural philosopher, on the other hand, tries to 
discover the levers, the cords, and the pulleys, which 
work behind the scenes, and shift them. Of course the 
Bight of the machinery spoils the beautifiil show, and 
therefore the poet would gladly talk it out of existence, 
and ignoring cords and pulleys as the chimeras of a 
pedant's brain, he would have us believe that the scenes 
shift themselves, or are governed by the idea of the 
drama. And it is just characteristic of Goethe, that he, 
and he alone among poets, must needs break a lance 
with natural philosiphers. Other poets are either so 
entirely carried away tiy the lire of their enthusiasm that 
they do not trouble themselves about the disturbing 
influences of the outer world, or else they rejoice in the 
ta-iumpbs of mind over matter, even on that impropitioua 
battlefield. But Goethe, whom no intensity of subjective 
feeling could blind to the realities around him, cannot 
rest satisfied until he has stamped reality itself with the 
image and superscription of poetry. This constitutes 
the peculiar beauty of hia poetry, and at the same time 
fully accounts for his resolute hostility to the machinery 
that every moment threatens to disturb his poetic reposej 
and for his determination to attack the enemy in his own 
camp. 
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But we cannot triumph over the machineiy of matter 
by ignoring it ; we can triumph over it only by subordi- 
nating it to the aims of our moral inteUigence. We must 
familiarise ourselves with its levers and pulleys, j^tal 
though it be to poetic contemplation, in order to be able 
to govern them after our own will, and therein lies the 
complete justification of physical investigation, and its 
vast importance for the advance of human civilisation. 

From what I have said it will be apparent that 
G-oethe did follow the same line of thought in all his 
contributions to science, but that the problems he en- 
coimtered were of diametrically opposite characters. And, 
perhaps, when it is imderstood how the self-same cha- 
racteristic of his intellect, which in one branch of science 
won for him immortal renown, entailed upon him egre- 
gious failure in the other, it will tend to dissipate, in the 
minds of many worshippers of the great poet, a lingering 
prejudice against natural philosophers, whom they sus- 
pect of being blinded by narrow professional pride to the 
loftiest inspirations of genius. 



PHKIOLOSICAL CAUSES OF HABMONTj 
IN MUSIC. 

A LEOITJBE SELIVEBBD m BOKH SriCINa IHS VIKT£B OS IKT. 



Lasibs and OsNTuniEH, — ^In the native toim of Bei 
boven, the mightiest among the heroes of harmony, no 
subject seemed to me better adapted for a popular 

I audience than music itself. Following, therefore, the 

I direction of my researches during the last few years, I 
will endeavour to explain to you what physics and physio- 
logy have to say regarding the most cherished art of the 
Rhenish land — music and musical relations. Music has 
hitherto withdrawn itself from scientific treatment more 
than any other art. Poetry, painting, and aculptui'B 
borrow at least the material for their delineations from 
the world of experience. They portray nature and man. 
Not only can their material be critically investigated in 

' respect to ita correctness and truth to nature, but scien- 
tific axt-criticism, however much enthusiasts may have 
disputed its right to do so, has actually succeeded in 

I' making some progress in investigating the causes of that ^m 

Eeasure which it is the intention of these arts to ^M 
1 music, on the other hand, it seems at first ^M 
^ I 
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eight as if those were still in the right who reject all 
' anatomisatioD of pleasurable sensatioiiB.' This art, bor^ 
rowing no part of ite material from the experience of our 
senses ; not attempting to describe, and only exceptionallj 
to imitate the outer world, necessarily withdraws from 
scientific consideration the chief points of attack which 
other arts present, and hence aeema to be as incompre- 
hensible and wonderful as it ia certainly powerful in ita 
effects. We are, therefore, obliged, and we purpose, to 
confine ourselves, in the first place, to a conaideration of 
the material of the art, musical sounds or sensations. It 
always struck me as a wonderful and peculiarly inte-, 
resting mystery, that in the theory of musical sounds, in 
the physical and technical foundations of music, which 
above all other arts seems in its action on the mind as 
the most immaterial, evanescent, and tender creator of 
incalculable and indescribable states of consciousness, 
that here in especial the science of purest and strictest 
thought — mathematics — should prove preeminently fer- 
tile. Thorough bass is a kind of applied mathematics. 
In considering musical intervals, divisions of time, and 
Bo forth, nunaerical fractions, and sometimes even loga- 
rithms, play a prominent part. Mathematics and music 1 
the most glaring possible opposites of human thought I 
and yet connected, mutually sustained ! It is as if they 
would demonstrate the hidden consensus of all the actions 
of our mind, which in the revelations of genius makes us 
forefeel unconscious utterances of a mysteriously active 
intelligence. 

When I considered physi-cal acoustics from a physiolo- 
gical point of view, and thus more closely followed up 
the part which the ear plays in the perception of musical 
aonnds, much became clear of which the connection had 
not been previously evident. I will attempt to inspire 
you with some of the interest which these questions have 
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' nwakened ia my own mind, by endeavouring to exhibit 
the results of physical and physiological 
acooBtica. 

The short apace of time at my disposal obliges me to con- 
fine my attention to one particular point ; but I shall select 
the most important of all, which will beat show you tho 
eig;nificance and results of scientific investigation in this 
field ; I mean the foundation of concord. It is an acknow- 
ledged fact that the numbers of the vibrations of concor- 
dant tones bear to each other ratios expressible by small 
whole numbers. But why ? What have the ratios of 
email whole numbers to do with concord ? This is an old 
riddle, propounded by Pythagoras, and hitherto unsolved. 
Let us Bee whether the means at the command of modem 
science will furnish the answer. 

First of all, what is a musical tone ? Common expo- 
rience teaches ua that all sounding bodies are in a state 
of vibration. This vibration can be seen and felt; and 
in the case of loud sounds we feel the trembling of the 
air even without touching the sounding bodies. Physical 
Bcience has ascertained that ojiy series of impulses which 
produce a vibration of the air will, if repeated with sufB..< j 
cient rapidity, generate sound. 

This sound becomes a musical tone, when such rapid 
impulses recur with perfect regularity and in precisely 
equal times. Irregular agitation of the air generates only 
noise. The pitch of a musical tone depends on the 
number of impulses which take place in a given time ; 
the more there are in the same time the higher or sharper 
19 the tone. And, as before remarked, there is found to be 
a close relationship between the well-known harmonious 
musical intervals and the number of the vibrations of the 
air. If twice as many vibrations are performed in the 
same time for one tone as for another, the first is the 
octave above the second. If the numbers of vibrations 
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in the Bame time are a3 2 to 3, the two tonea form a, fifth ; 
if they are as 4 to 5, the two tonea form a major third. 

If you observe that the numbers of the vibrations which 
generate the tones of the major chord C E Gr c are in the 
ratio of the numbers 4:5:6:8, you can deduce from 
these all other relations of musical tones, by imagining 
a new major chord, having the same relations of the num- 
bers of vibrations, to be formed upon each of the above- 
named tones. The numbers of vibrations within the 
limits of audible tones which would be obtained by 
executing the calculation thus indicated, are extraordi- 
narily different. Since the octave above any tone has 
twice as many vibrationH as the tone itself, the second 
octave above will have four times, the third has eight 
times as many. Our modem pianofortes have seven 
octBVBB. Their highest tones, therefore, perform 128 
vibrations in the time that their lowest tone makes one 
single vibration. 

The deepest C, which our pianos usually possess, answers 
to the sixteen-foot open pipe of the organ— musicians call 
it the ' contra-C ' — and makes thirty-three vibrations in 
one second of time. This is very nearly the limit of audi- 
bility. You will have observed that these tones have -a 
dull, bad quality of sound on the piano, and that it is 
difficult to determine their pitch and the accuracy of their 
tuning. On the organ the contra-C is somewhat more 
powerful than on the piano, but even here some uncer- 
tainty is felt in judging of its pitch. On larger orgaae 
there is a whole octave of tonea below the contra-C, 
reaching to the next lower C, with 16^ vibrations in a 
second. But the ear can scarcely separate these tones 
from an obscure drone ; and the deeper they are the mora 
plainly can it distinguish the separate impulses of the air 
to which they are due. Hence they are used solely in con- 
junction with the next higher octaves, to strengthen th< 
notes, and produce an impression of greater depth. 
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With the esception of the organ, all musical instru- 
menta, however diverse the methoda in which tlieir Bounds 
are produced, have their limit of depth at ahout the same 
point in the scale as the piano ; not because it would be 
impossible to produce slower impulses of the air of suffi- 
cient power, but because the ear refuses its office, and 
hears slower impulses separately, without gathering them 
up into single tones. 

The often repeated assertion of the French phjBiciek 
Savart, that he heard tones of eight vibrations in a 
second, upon a peculiarly constructed instrument, seems 
due to an error. 

Ascending tjie scale from the contxa-C, pianofortes 
usually have a compass of seven octaves, up to the so- 
called five-accented c, which has 4,224 vibrations in a 
second. Among orchestral instruments it is only the 
piccolo flute which can reach as high, and this will give 
even one tone higher. The violin usually mounts no 
higher than the e below, which has 2,640 vibrations — of 
course we except the gymnastics of heaven-scaling viHuosit 
■who are ever striving to excruciate their audience by 
some new impossibility. Such performers may aspire 
to three whole octaves lying above the five-accented a, 
and very painful to the tar, for their existence has been 
established by Desprotz, who, by exciting small tuning- 
forks with a violin bow, obtained and heard the eight- 
accented e, having 32,770 vibrations in a second. Here 
the sensation of tone seemed to have reached its upper 
limit, and the intervals were really undistinguishable in 
the later octaves. 

The musical pitch of a tone depends entirely on the-.] 
number cf vibrations of the air in a second, and not at 
all upon the mode in which they are produced. It ia. 
quite indifferent whether they are generated by the 
vibrating strings of a piano ot violin, the vocal chords of 
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the human larynx, the metal tongiiea of the harmoniam, 
the reeds of the clarionet, oboe and bassoon, the tremblinj 
lips of the trumpeter, or the air cut by a sharp edge in 
organ pipes and flutes. 

A tone of the same number of vibrationa has alTsji 
the same pitch, by wliichever one of these instruments it 
19 produced. That which diatingnisbes the note A of a 
piano for example, from the equiilly high A of the vloiin, 
fliito, clarionet, or trumpet, ia called the quaMty of ih 
(one, and to this we shall have to recur presently. I 

Aa an interesting esainplQ of these assertions, I beg to alio» 
you a peciiiiar physical inBtruaient for producing inuaica! tones, 
called liie siren. Fig. 1, which ia especially adapted to estaliM 
the properties resuhicg from the ratios of the numbers of vibn- 

In order to produce tones upon this instrument, the portventi 
go and gi are connected by means of flexible tubes with I 
bellows. The air enters inta round brass boxes, s,^ and a,, and 
escapes by the perforated covers of these boxes at Cg and c,. But 
the holes for the escape of air are not perfectly free. ImmediBtclj 
before the covers of both boxes there are two other perforated 
discs, fastened to a perpendicular axis k, which turns with great 
readiness. In the figure, only tlie perforated disc can be seen at 
Co, and immediately below it is the similarly perforated cover of 
the box. In the upper box, C|, only the edge of the disc ii 
viable. If then the holes of the disc are precisely opposite to 
those of the cover, the air can escape freely. But if the disc ia 
made to revolve, bo that some of its unperforated portions staad 
before the holes of the box, the air cannot escape at all, Ob 
turning the disc rapidly, the vent-holes of the bos are alternatqU 
opened and closed. Diffing the opening, air eseapea ; durijb 
the closure, no air can pasa. Hence the continuous streantS 
air from the bellows is converted into a series of discontinuWI 
puffs, which, when they follow one another 
rapidity, gather themselves together into a tone. 

Each of the revolving disus of this instrument (which is moH 
complicated in its construction than any one of the kind hitheito 
made, and hence admits of a much greater number of combina- 
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tions of tone) has four concentric circles of holes, the lower set 
having 8, 10, 12, 18, and the upper set 9, 12, 15, and 16, holes 
respectively. The series of holes in the covers of the boxes are 
precisely the same as those in the discs, but under each of them 
lies a perforated ring, which can be so arranged, by means of the 
stops i i i i, that the corresponding holes of the cover can either 
communicate freely with the inside of the box, or are entirely 
cut off from it. We are thus enabled to use any one of the 
eight series of holes singly, or combined two and two, or three 
and three together, in any arbitrary manner. 

The round boxes, ho ho and h, hj, of which halves only are 
drawn in the figure, serve by their resonance to soften the harsh- 
ness of the tone. 

The holes in the boxes and discs are cut obliquely, so that 
when the air enters the boxes through one or more of the series 
of holes, the wind itself drives the discs round with a per- 
petually increasing velocity. 

On beginning to blow the instrument, we first hear separate 
impulses of the air, escaping as puffs, as oflen as the holes of 
the disc pass in front of those of the box. These puffs of air 
follow one another more and more quickly, as the velocity of 
the revolving discs increases, just like the puffa of steam of a 
locomotive on beginning to move with the train. They next 
produce a whirring and whizzing, which constantly becomes 
more rapid. At last we hear a dull drone, which, as the 
velocity further increases, gradually gains in pitch and strength. 

Suppose that the discs have been brought to a velocity of 
33 revolutions in a second, and that the series with 8 holes has 
been opened. At each revolution of the disc all these 8 holes 
will pass before each separate hole of the cover. Hence there 
will be 8 puffs for each revolution of the disc, or 8 times 33, 
tliat is, 264 puffs in a second. This gives us the once-accented c 
of our musical scale, [that is * middle c,' written on the leger line 
between the bass and treble staves.] But on opening the series 
of 16 holes instead, we have twice as many, or 16 times 33, 
that is, 528 vibrations in a second. We hear exactly the octave 
al»ove the first c', that is the twice-accented c'\ [or c on the third 
space of the treble staff.] By opening both the series of 8 and 
16 holes at once, we have both c' and c" at once, and can con- 
vince ouiselves that we Lave the absolutely pure concord of the 
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vclaTe. By taking 8 and 12 holes, which give numbers of 
vibratioDB in the ratio of 2 to 3, we have the coocord of a 
perfect fifth. Similarly 12 and 16 or 9 and 12 give fourthfl, 
12 and 15 give a major third, and so on. 

The upper box ia fumiahed wilh a contrivance for alightly 
hharpeoing or flattening the tones which it produces. This box 
ia movable upon an axis, and connected with a toothed wheel, 
which is w«ked by the driver attaciied to the handle d. By 
turning the handle slowly while one of the series of holes in the 
upper box is in use, the tone will he sharper or flatter, accordin 
aa the hax moves in the opposite direction to the disc, or in th 
same direotion as the disc. Wheti the motion is in the opposita j 
direction, the holes meet those of the disc a little soooer thoa j 
they otherwise would, the time of vibration of the tone 
shortened, and the tone becomes sharper. The contrary ensu 
in the other case. 

Now, on blowing through 8 holes below and 16 above, i 
have a perfect octave, as long as the upper box is still ; but 
when it is in motion, the pitch of the upjier tone is alightly 
altered, and the octave becomes iiilse. 

On blowing through 12 holes above and 18 below, the result ■ 
is a perfect filth as long as the upper box ia at rest, but if it I 
moves the concord is perceptibly injured. 

These experiments with the siien show us, therefore :— 

1. That a aeries of puffs following one another with suflicienli j 
rapidity, produce a musical tone. 

2. That the more rapidly they follow one another, the sharper 
is the tone. 

3. That when the ratio of the number of vibrations is exactly 

1 to 2, the result is a perfect octave ; when it ia 2 to 3, a ' 
perfect 6!ih ; when it ia 3 to i, a pure fourth, ttnd ho on. Tha M 
alightest alteration in these ratios destroys the purity of the I 
concord. 

You will perceive, from what has been hitherto ad-, 
duced, that the hucnaa ear ia affected by vibrations of the 3 
air, wildiin certain dogreea of ra,pidity — viz. from about 1 
20 to about 32,000 in a second — and that the sensation I 
of musical tone arises &om tkis aETectiou. 
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That the sensation thus excited is a sensation of musical 
tone, does not depend in any way upon the peculiu 
manner in which the air is agitated, but solely on the 
peculiar powers of sensation possessed by our ears and 
auditory nerves. I remarked, a little while ago, that 
when the tones are loud the af^itation of the air ia per- 
ceptible to the sltin. In this way deaf mutes can perceiva 
the motion of the air, which we call sound. But they do 
not hear, that is, they have no sensation of tone in the 
ear. They feel the motion by the nerves of the skin, 
producing that peculiar description of sensation called 
whirring. The limits of the rapidity of vibration within 
which the ear feels an agitation of the air to be Bound, 
depend also wholly upon the peculiar constitution of the 

When the siren is turned slowly, and hence the pnffs of 
air succeed each other slowly, you hear no musical sound. 
By the continually increasing rapidity of its revolution, 
no essential cliange is produced in the kind of vibration 
of the air, Nothing new happens externally to the ear. 
The only new result ia the sensation experienced by the 
ear, which then for the first time begins to be affected by 
the agitation of the air. Hence the more rapid vibrationa 
receive a new name, and are called Sound. If you admin 
paradoxes, you may say that aerial vibrations do not be- 
come sound until they fall upon a hearing ear. 

I must now describe the propagation of sound through 
the atmosphere. The motion of a mass of air througli 
which a tone passes, belongs to the so-called wave motiona 
— a class of motions of great importance in phymcs. 
Light, as well as sound, is one of these motions. 

The name is derived from the analogy of waves on the 
surface of water, and these will best illustrate the pecu- 
liarity of this description of motion. 

Wlidn a point in a surface of still water is agitated — ae 
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by throwing in a stone — the motion thus caused i» pro- 
pagated in the form of waves, which spread in rings ov«r 
the surface of the water. Thfs circles of waves continue 
to increase even after rest has heen restored at the point 
first affected. At the same time the waves become cod- 
tiuually lower, the further they are lemoved from tha 
centre of motion, and gradually disappear. On each 
wave-ring we distinguieh ridges or crests, and hollows of 
troughs. 

Crest and trough together form a wave, and we measure 
its length from one crest to the nest. 
i, While the wave passes over the surface of the fluid, the 
particles of the water which form it do not move on with 
it. This is easily seen, by floating a chip of straw on the 
water. When the waves reach the chip, they raise or 
depress it, but when they have passed over it, the position 
of the chip is not perceptibly changed. 

Now a light floating chip has no motion different from 
that of the adjacent particles of water. Hence we con- 
clude that these particles do not follow the wave, but, 
after some pitching up and down, remain in their original 
position. That which really advances as a wave is, con*, 
sequently, not the particles of water themselves, but only. 
a superficial form, which continues to be built up by fresh 
particles of water. The paths of the separate particles of 
water are more nearly vertical circles, in which tliey re- 
volve with a tolerably uniform velocity, as long as the 
waves pass over them. 

In Fig. 2 the dark wave-line, ABC, represents a Hectiou of 
ihe Burface of tha water, over which waves are rmiuing in the 
direction of the arrows above a and o. The ihree circles, a, b, 
and 0, represent the paths of particuhir particles of water at the 
surface of the wave. The particle which revolves in the circle b,, 
is supposed at the time that the Biirfaee of the water presents th«- 
form A B C, to be ut its highest point B, iiml the partidua r«- 
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volviog to the circlesa aud c to b« aimaltaneoOHly in their lowest ^ 
poaitioQS. 

The reFpcctive pftrticlea of water revolve in these aides in 
the direction marked by the arrows. The dotted curves repre- 
seut other poaitiOQa of the passing waves, at equal intervali of 
time, partly before the assumption of the ABC position (as 
the cresia between a and b), and partly after the same (for lilt 
creets between b and c). The posiuons of the creata are marked 
witli figures. The same figures In tlie three circles, ahow where 
the respective revolving particle would be, at the moment ihe 
wave aSHumei! the corresponding form. It will be noticed that 
the particles advance by equal area of the circles, as the crest of 
tlie wave advances by equal distances parallel to the water level 

In the circle b it will be further seen, that the particle ol 
water in ita positLons 1, 2, 3, hastens to meet the approaching 

Fio. 2. 




wave-creats. 1, 2, 3, rises on its left hand aide, ia then carried on 
by the crest from 4 to 7 in the direction of its advance, after- 
wards halts behind it, sinks down again on the right side, and 
finally teaches its original posilion at 13. (In the Lecture itself, 
Fig. 2 was replaced by a working model, in which the movable 
particles, connected by threade, really revolved in circles, while 
connecting elastic threads represented the surface of the water.) 

All particles at the surface of the water, as you see by this 
drawing, dencribe equal circles. The particles of water at dif- 
ferent depths move in the satno way, but aa the depths increaae, 
the diameters of iheir circles of revolution rapidly diminish. 

In this way, then, ju-ises the appearance of a progreaaive motion 
alimg the sur&ce of the water, while iu reality the moving par- 
ticles of water do not advance with the wave, but perpetually 
Vtdve in their small circular orbits. 
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To return from waves of water to waves of sound* 
Imagine an elastic fluid like air to replace the water, and 
the waves of this replaced water to be compressed by an 
inflexible plate laid on their surface, the fluid being pre- 
vented from escaping laterally from the pressure. Then 
jon the waves being thus flattened out, the ridges where 
the fluid had been heaped up vqU produce much greater 
density than the hollows, from which the fluid had been 
removed to form the ridges. Hence the ridges are re- 
placed by condensed strata of air, and the hollows by 
rarefied strata. Now further imagine that these com- 
pressed waves are propagated by the same law as before, 
and that also the vertical circular orbits of the several 
particles of water are compressed into horizontal straight 
lines. Then the waves of sound will retain the peculiarity 
of having the particles of air only oscillating backwards 
and forwards in a straight line, while the wave itself 
remains merely a progressive form of motion, continually 
composed of fresh particles of air. The immediate result 
then would be waves of sound spreading out horizontally 
from their origin. 

But the expansion of waves of sound is not limited, 
like those of water, to a horizontal surface. They can 
spread out in any direction whatsoever. Suppose the circles 
generated by a stone thrown into the water to extend in 
all directions pf space, and you will have the spherical 
waves of air by which sound is propagated. 

Hence we can continue to illustrate the peculiarities of 
the motion of sound, by the well-known visible motions 
of waves of water. 

The length of a wave of water, measured from crest to 
crest, is extremely dififerent. A falling drop, or a breath 
of air, gently curls the surface of the water. The waves 
in the wake of a steamboat toss the swimmer or skiff 
severely. But the waves of a stormy ocean can find room 
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in their hollows for the keel of a ship of the lice, and 
their ridges can scarcely be overlooked from thfc mast- 
head. The waves of sound present similar diderences. 
The little curls of water with short lengths of wave corre- 
spond to high tones, the giant ocean billows to deep tonea. 
Thus the contrabass C has a wave thirty-five feet long, its 
higher octave a wave of half the length, while the highest 
tones of a piano have waves of only three inches in length.' 
You perceive that the pitch of the tone corresponds 
to the length of the wave. To this we should add that 
the l]cight of the ridgea, or, transferred to air, the degree 
of alternate condensation and rarefaction, corresponds to 
the loudness and intensity of the tone. But waves of the 
same height may have different forms. The crest of 
the ridge, for example, may be rounded off or pointed. 
Corresponding varieties also occur in waves of sound of 
the same pitch and loudness. The so-called timbre or 
quality of tone is what corresponds to the form of the 
waves of water. The conception of form is transferred 
from waves of water to waves of sound. Supposing waves 
of water of different forms to be pressed flat as before, the 
surface, having been levelled, will of course display no 
differences of form, but, in the interior of the mass of 
water, we shall have different distributions of pressure, 
and hence of density, which exactly correspond to the 
differences of fonn in the still uncompressed surface. In 
this sense then we can continue to speak of the form of 
waves of sound, and can represent it geometrically. IVe 
make the curve rise where the pressure, and hence density, 
increases, and fall where it diminishes — just as if we had 

' The exact langtha of waTea correBpaadiog to certain nolet, dr Hjmboli 
tf tone, dopend upoD the standmil pitch aeaigoed to one pacticular note, 
and this diffora in aifferent countries. Hence the figures of the itnthoT 
have banu left nnreducad. Thuy are soffluienllj near to those nauiiUj 
Biloplod in England, to occasion nu difiicultj to the rtmder in these gentml < 
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' a jomiircewd tiiiid beneath the curve, which would expand 
to the height of the curve in order to regain its natural 
density. 

Unfortunately, the form of waves of sound, on which 
depends the quality of (.he tones produced by various 
sounding bodies, can at preaent be assigned in only a very . 
few cases. 

Among the forms of waves of sound which we are able | 
to determine with more exactness, is one of great im- 
portance, here termed the sirn/plc or "pv/re wave-form, and 
represented in Fig. 3. 



I It can be seen in waves of water only when their height 
ia small in comparison with their length, and they run 
over a smooth suriace without external disturbance, or 
without any action of wind. Hidge and hollow are gently 
rounded off, equally broad and symmetrical, so that, if we 
inverted the curve, the ridges would exactly fit into the 
hoUows, and conversely. This form of wave would be 
more precisely defined by saying that the particles of 
water describe exactly circular orbits of small diameters, 
with exactly uniform velocities. To this simple wave- 
form corresponds a peculiar species of tone, which, from 
reasons to Jae hereafter assigned, depending upon its rela- 
tion to quality, we will term a simple tone. Such tones 
are produced by striking a tuning-fork, and holding it 
before the opening of a properly-tuned resonance tube. 
The tone of tuneful human voices, singing the vowel oo 
in too, in the middle positions of their register, appears i 
not to differ materially from this form of wave, 

"We also know the laws of the motion of strings with 
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Biifficient accuracy to assign in some cases the fono ol 1 
motion which they impart to the air, Thxis Fig. 4 reprfr- I 
Bents the forms successively assumed bj a etriog struct, I 
as ia the German Zither, by a pointed style, £the plectmn I 




of the ancient lyra, or the qnill of the old harpsichord^ 
which may be easily imitated on a guitar]. A a represenU 
the form assumed by the string' at the moment of percus- 
sion. Then, at equal intervals of time, follow the forms 
B, C, D, E, F, G ; and then in inverse order, F, E, D, C, 
B, A, and so on in perpetual repetition. The form of 
motion whiuh such a string, by means of an attached sound- 
ing board, imparts to the surrounding air, probably oorr&- 
Bponds to the broken line in Fig. S, where h h indicates 
the position of equilibrium, and the letters a b c d e f g 
show the line of the wave which is produced by the aetion 
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of several forma of string marked by the corresponding 
capital letters in Fig. 4. It is easily seen how greatly 
this form of wave (which of course could not occur in 



-water) differs from that of Fig. 3 (independently of mag^ ! 
nitude), as the string only imparts to the air a series of 
short impulses, alternately directed to opposite sides.' I 

The waves of air produced by the tone of a violin 
would, on the same principle, he represented by Fig. 6. 



Daring each period of vibration the pressure increaaeB 
uniformly, and at the end falls back suddenly to its 
minimum. 

It is to such differences in the forms of the waves of J 
sound that the variety of quality in musical tones is due. . 
We may even carry the analogy further. The more uni- 
formly rounded the form of wave, the softer and milder is 
the quality of tone. The more jerking and angular the 
wave-form, the more piercing the quality. Tuning-forks, 
with their rounded forms of wave (Fig. 3), have an extra- 
ordinarily soft quality; and the qualities of tone generated 
by the zither and viohn resemble in harshness the aDgu- 
larity of their wave-forms. (Figs. 5 and 6.) 

' It is hi^re BSEumtid tbat the aoMDdlng-boHrd and air in contact 
immediaWly obey the impulao givon by ths eod at the string witioni I 
Biarcisilig a perceptible reaction on the motion of Uie string. 
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Finally, I would direct your attentioD to an inatruotiTB 
■pectaclo, which I liave never been able to view without a 
certflin degree of physi co-scientific delight, because it dis- 
plays to tlie bodily eye, on the surface of water, what 
otherwise could only be recognised by the mind's eye of 
the mathematical thinker in a maea of air traversed in all 
directions by waves of sound. I allude to the composition 
of many different systems of waves, as they pass over one 
another, eacli undisturbedly pursuing its own path. We 
can watch it from the parapet of any bridge spanning a 
river, but it is most complete and sublime when viewed 
from a cliff beside the sea. It is then rare not to see 
innumerable systems of waves, of various length, propa- 
gated in various directions. The longest come from the 
deep sea aud dash against the shore. Where the boiling 
breakers burst sliorter waves arise, and run back again 
towards the sea. Perhaps a bird of prey darting after a 
fish gives rise to a system of circular waves, which, 
rocking over the undulating surface, are propagated with 
the same regularity as on the mirror of an inland lake. 
And thus, from the distant horizon, where wiiite lines of 
foam on the steel-blue surface betray the coming trains of 
wave, down to the sand beneath our feet, where the im- 
pression of their arcs remains, there is tmfolded before our 
eyes a sublime image of immeasurable power and unceasing 
variety, which, as the eye at once recognises its pervading 
order and law, enchains and esalta without confusing the 
mind. 

Now, just in the same way you must conceive tbe air 
of a concert-hall or ballroom traversed in every direction, 
and not merely on the surface, by a variegated crowd of 
intersecting wave-systemB. From the mouths of the male 
singers proceed waves of sis to twelve feet in length ; 
fWim the lipa of the BongstresEes dart shorter waves, from 
■ix inches long. The rustling of 
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^ndrts excites little curia in the air, each iDStniment in H 

B&e orchestra emits its peculiar waves, and all these By»- S 



terns expand spherically from their respective centres, dart 
t through each other, are reflected from the walls of the 
^room, and thus rush backwards and forwards, until they 
■Succumb to the greater force of newly generated tones. 

Although this spectacle is veiled from the material eye, 
"^re have another bodily organ, the ear, specially adapted to 
3-eveal it to us. This analyses the interdigitation of the 
■ -waves, which in such cases would be far more confused 
than the intersection of the water undulations, separates 
the several tones which compose it, and distinguishes the 
voices of men and women — nay, even of individuals — the 
peculiar qualities of tone given out by each instrument, 
the rustling of the dresses, the footfalls of the walkers, 
aud so on. 

It is necessary to examine the circumstances with greater 
minuteness. When a bird of prey dips into the sea, ringg 
of waves arise, which are propagated as slowly and regu- 
upon the moving siuface as upon a surface at rest. 
These rings are cut into the cui-ved surface of the waves 
in precisely the same way as they would have been into 
the still surface of a lake. The form of the external sur- 
face of the water is determined in this, as in other more 
complicated cases, by taking the height of each point to 
be the height of all the ridges of the waves which coin- 
cide at this point at one time, after deducting the sum 
of all similarly simultaneously coincident hollows. Such 
a sum of positive magnitudes (the ridges) and negative 
magnitudes (the hollows), where the latter have to be 
subtracted instead of being added, is called an alge~ 
braical sum. Using this term, then, we may say that 
the height of every point of the aurfaae of the water ia 
equal to the algebraical sum of all the portioTia of the 
waves which at that moment there concur. 
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It IB the same with the -waves of sound. Tliey, 1 ii,llM^"~"^ 
arliied together at every point of the mass of 
as in contact with the liatener'a ear. For them also 
degree of condensation and the velocity of the particlsi 
air in the passages of the organ of hearing are equal to' 
algebraical sums of the separate degrees of condei 
and of the velocities of the waves of sound, consi 
apart. This single motion of the air produced by 
siinultaneoUH action of various sounding bodies, h: 
to be analysed by the ear into the separate parts wl 
correspond to their separate effects. For doing this 
ear is much more unfavourably situated than the sjw™* 
The latter surveys the whole undulating surface at il ^1 
glance. But the ear can, of course, only perceive 
motion of the particles of air which impinge upon itl*'' 
And yet the ear solves its problem with the great 
exactness, certainty, and detenninacy. /This power of thi 
ear is of supreme importance for hearing. Were it not 
present it would be impossible to distinguiab differeid "^ 
tones. 

Some recent anatomical discoveries appear to give 
clue to the explanation of this important power of tie 
6ar. 

You will all have observed the phenomena of the sym- 
pathetic production of tones in musical instruments, espe- 
cially stringed instruments. The string of a pianoforte I 
when the damper is raised begins to vibrate as soon as its 
proper tone is produced in its neighbourhood with suffi- 
cient force by some other means. When this foreign tone 
ceases the tone of the string will be beard to continue 
some bttle time longer. If we put little paper riders on 
the string they will be jerked off when its tone is thus 
produced in the neighbourhood. This sympathetic action 
of the string depends on the impact of the vibrating 
particles of air against the string and its sounding-board. 
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Eact separate wave-crest (or condensation) of air which 
!s by the string is, of course, too weak to produce a sen- 
hal3le motion in it. But when a long Beriee of wave-crests 
Bor condensations) strike the string in such & maimer that 
ich succeeding one increases the slight tremour which 
resulted from the action of its predeceasors, the effect 
inally becomes sensible. It is a process of exactly the 
Aame natiire as the swinging of a heavy beU. A powerful 
Bnan can scarcely move it sensibly by a single impulse. A 
l>oy, by pulling the rope at regular intervals corresponding 
I to the time of its oscillations, can gradually bring it into 
[Tiolent motion. 

I This peculiar reinforcement of vibration depends entirely 
■OD the rhythmical application of the impulse. When the 
. bell has been once made to vibrato as a pendulum in a 
[very small arc, and the boy always pulls the rope as it 
cfells, and at a time that his pull augments the existing 
.'Velocity of the bell, this velocity, increasing slightly at 
' each pull, will gradually become considerable. But if 
' the boy apply his power at irregular intervals, sometimes 
increasing and sometimes diminishing the motion of the 
I bell, he will produce no sensible effect. 
I In the same way that a mere boy is thus enabled to 
Bwing a heavy bell, the tremours of hght and mobile air 
suffice to set in motion the heavy and solid masa of steel 
I contained in a tuning-fork, provided that the tone which 
is excited in the air is e.>:actly in unison with that of the 
fork, because in this case also every impact of a wave of 
air against the fork increases the motions excited by the 
like previous blows. 

This experiment is most conveniently performed on a 
, fork, Fig. 7, which is fastened to a sotin ding-board, the 
I air being excited by a similar fork of precisely the same 
pitch. If one is struck, the other will be found after a 
few Beconds to bo sounding also. Then damp the hrst 
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-.^i -■-"^. -'^i ■-._•; .j_;_:lv increase the 
but W^er A Tery short time they erase to be ao, and 
conse^juently destroy tbe slight motioiL which they had 
preTiousiy exdted. 

Lighter and more mobile elastic bodies, as for example 
fitiii^a, can be eet in motion by a much smaller nomher 
of aerial impulsea. Hence they can be set in sympathetic 
motion much more easily than toning forks, and Ij 
means of a musical tone which is &r les accurately in 
oaisoa with tbemaelvea. 
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Now, then, if seveial tones are sounded in the neigh- 
bourhood of a pianoforte, no string can be set in sym- 
pathetic vibration unless it ia in unison with one of those 
tones. For example, depress the forte pedal (thus raising 
the dampers), and put paper riders on all the strings. 
They will of course leap oflF when their strings are |jut in 
vibration. Then let several voices or instruments sound 
tones in the neighbourhood. All those riders, and on!;) 
those, will leap off which are placed upon strings that 
correspond to tones of the same pitch as those sounded. 
You perceive that a pianoforte ia also capable of analysing 
the wave confusion of the air into its elementary con- 
stituents. 

The process which actually goes on in our ear is 
probably very like that just described. Deep in the 
petrous bone out of which the internal ear is hollowed, 
lies a peculiar organ, the cochlea or snail shell — a cavity 
filled with water, and so called from its resemblance to 
the shell of a common garden snail. This spiral passage 
is divided throughout its length into three sections, 
upper, middle, and lower, by two membranes stretched 
in the middle of its height. The Marchese Corti dis- 
covered some very remarkable formations in the middle 
section. They consist of innumerable plates, micro- 
scopically small, and arranged orderly side by side, like 
the keys of a piano. They are connected at one end with 
the fibres of the auditory nerve, and at the other with 
the stretched membrane. 

Fig. 8 shows this extraordinarily compKcated arrange- 
ment for a small part of the partition of the cochlea. The 
arches which leave the membrane at d and are re-inserted 
at e, reaching their greatest height between ra and o, 
are probably the parts which are suited for vibration. 
They are spun round with innumerable fibrils, among 
which some nerve fibres can be recognised, couiing to 
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them through the boles near c. The transverse fibres 1 
g, b, i, k, and the cells o, also appear to belong to the I 
8 Byatem. There are about three thousand arches I 
similar to d e, lying orderly beside each other, like the I 
keys of a piano in the whole length of the partition of I 
the cochlea. 




In the so-called vestibulum, alao, where tie nervei 

expand upon little membranous bags swimming in water, 

elastic appendages, similar to stiff hairs, have been lately 

discovered at the ends of the nerves. The anatomical 

ingemeut of these appendages leaves scarcely any 
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room to doubt that they are set into sympathetic vibra- 
tion by the waves of sound which are conducted through 
the ear. Now if we venture to conjecture — it is at 
present only a conjecture, but after careful consideration 

am led to think it very probable — that every such 
appendage is tuned to a certain tone like the strings 
I piano, then the recent experiment with a piano 
sliows you that when (and only when) that tone ia 
Bounded the corresponding hair-like appendage may vibrate, 
and the corresponding nerve-fibre experience a sensa- 
tion, so that the presence of each single such tone in the 
midst of a whole confusion of tones must be indicated 
by the corresponding senaation. 

Esperieuce then ehows us that the ear really possesses 
the power of analysing waves of air into their elementary 
forma. 

By compound motions of the air, we have hitherto 
meant such as have been caused ty the simultaneous 
vibration of several elastic bodies. Now, since the forms 
of the waves of sound of different musical instruments 
are different, there is room to suppose that the kind of 
vibration excited in the passages of the ear by one such 
tone will be esactly the same as the kind of vibration 
which in another case is there excited by two or more 
iustruments sounded together. If the ear analyses the 
motion into its elements in the latter case, it cannot well 
avoid doing so in the former, where the tone is due to a 
aingle source. And this is found to be really the case. 

I have previously mentioned the form of wave with 
gently rounded crests and hollows, and termed it simple or 
piu-e (p. 75). In reference to tliis form the French mathe- 
matician Fourier has established a celebrated and impor- 
tant theorem which may be translated from mathematical 
into ordinary language thus ; Any form of wave what- 
evenr can he compounded of a Tiumher of simple witiies of 
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different lengths. The longest of these simple «ive( 
has the same length aa that of the given form of wave, 
the others have lengths one-half, one-thlid, one-fourth, &£. 
as great. 

By the different modes of uniting the creste and 
hollows of these simple waves, an endless moltiplicit; of 
wave-forms may be produced. 

For example, the wftTe-curvea A and B, Fig. 9, repreacd 

Fio. S. 





is of simple tones, B making twice as many vibratioDs ai 

a Becondoftime,andbeing consequently an octave higher in pitdi: 

C and D, on the other band, represent the wavea which 

from the superposition of B on A. The dotted curves i 

first halves of C and D are repetitions of so much of the figure A 

In C, the initial point e of the curve B coiucidea with the 

fc point do of A. But in D, the deepest point bj of the first hollol 

Kin B is placed under the initial point of A. The ri'sult is two 

■ (li&erent compound-curves, the first C having steeply ascendiit 
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and more gently descending crests, but so related that, bj re- 
versing the figure, the elevations would exactly fit into the 
depressions. But in D we have pointed crests and flattened 
lioUows, which are, however, symmetrical with respect to right 
and left. 

Other forms are shown in Fig. 10, which are also compounded 
of two simple waves, A and B, of which B makes three times as 
many vibrations in a second as A, and consequently is the 

Fio. 10. 




twelfth higher in pitch. The dotted curves in C and D are, aft 
before, repetitions of A. C has flat crests and flat hollows, D 
has pointed crests and pointed hollows. 

These extremely simple examples will suffice to give a con- 
ception of the great multiplicity of forms resulting from this 
method of composition. Supposing that instead of two, several 
simple waves were selected, with heights and initial points 
arbitrarily chosen, an endless variety of changes could be 
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effected, and, id point of fact, any 
Kproduced.' 

When various simple waves concur on the surface oil 
water, the compound wave-form has only a momentaij 
existeDce, because the longer waves move faster than till 
shorter, and consequently the two kinds of 
diatelj separate, giving the eye an opportunity of recog- 
nising the presence of several systems of waves. Brt 
when waves of sound are similarly compounded, ttey 
never separate again, because long and short waves traverse 
air with the same velocity. Hence the compoi 
is permanent, and continues its course unchanged, so tli4t 
I when it strikes the ear, there is nothing to indicate 
I whether it originally left a musical instrument in thii 
form, or whether it had been compounded on the waj, 
out of two or more undulations. 

Now what does the ear do? Does it analyse tliij 
compoimd wave ? Or does it grasp it as a whole ? The 
answer to these questions depends upon the sense 
which we take them. We must distinguish two different 
points — the audible sensation, as it is developed with- 
out any intellectual interference, and the cojiception, 
which we form in consequence of that sensation. 
have, as it were, to distinguish between the material ear 
of the body and the spiritual ear of the mind. The 
material ear does precisely what the mathematician 
eifects by means of Fourier's theorem, and what the 
pianoforte accomplishes when a confused mass of tones is 
presented to it. It analyses those wave-forms which were 
not originally due to simple undulations, such as thoM 
furnished by tuning forks, into a sum of simple tones, and 

' Of course tlie whtbb conld not ovprhang, bnt waroa of sueh a torn 
would hnvo no posaible nnalogne in waves of tound [which Ihe readpr will 
rMollfict are not BCtuallj in tha fomiB here drawn, but have onlj condona* 
tiunB sad mrefactions, sonTenientlj replaced by these formii, p. 73], h 
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feels the tone due to each separate simple wave sepa- 
rately, whether the compound wave originally proceeded 
from a source capable of generating it, or became com- 
pounded on the way, 

For example, on strikiog a airing, it will give a ttine corro- 
sponding, as we have Been, to a wave- form widely different from 
that of a aimple tone. When the ear analyees ihia wave-form 
into a sum of simple wavea, it hears at the same time a serieB of 
aimple tones corresponding to these wavea. 

Strings are peculiarly favourable for such an investigation, 
because they are themselves capable of assuming extremely dif- 
ferent forma in the cnurse of their vibmtion, and these forma 
may also be considered, like (hose of aerial undulations, as com- 
pounded of simple waves. Fig. 4, p. 7C, shows llie consecutive 
forms of a string struck by a simple rod. Fig. 11, p. 90, gives a 
number of other forms of vibration of a rtring, corresponding to 
simple tones. The continuous line ahowa the extreme diaplace- 
ment of the string in one direction, and the dotted line in the otlier. 
Xt a the string produces its fundamental tnui', the deepest simple 
tone it can produce, vibrating in its whole lengdi, first on one 
aide and then on the other. At b it falls into two vibrating 
aectiona, aeparated by a single stationary point /3, called a node 
(knot). The tone is an octave higher, the same as each of the 
two sections would separately produce, and it performs twice as 
many vibrations in a second as the fundamental tone. At c we 
have two nodes, y, and yj, and three vibrating sections, eucK 
vibrating three times as fast as the fundamental tone and hence 
giving its twelfth. At d, there are three nodes, Sj, ^g, ?g, and 
tour vibrating sections, each vibrating four times aa quickly aa 
the ftmdamental lone, and giving the second octave above it. 

la the same way forms of vibration may occur with 5, 6, 7, 
&c., vibrating sections, each performing respectively, 5, 6, 7, &c. 
timca as many vibrations in a second as the fundamental tone, 
and all other vibrational forcna of the etring may be conceived as 
compounded of a sum of such simple vibrational forms. 

The vibrational foims with stationary points or nodea may be 
produced, by gently touching the siring at one of ihes 
either with the finger or a rod, and rubbing the string with a 
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violiD bow, jjlacking it wiih the finger, or striking it with a 
piaDoforl« hammer. The bell-like hnrtnontcs or flageolet- tones 
of strings, BO much used in violin playing, are thus produced. 

Now suppose that a string ha« been excited, and after its tone 
has been nllowed to continue for a moment, it is touched geotlj 
at its middle point /3, Fig. 11 b, or Ij, Pig. 11 d. The vibra- 
tional forms a and c, for which this point is in motion, will be 
immediately checked a,ad destroyed ; but (he yibrational forms 
b and d, for wliicii this point ia at rest, will not be disturbed, 
and the taaes due to them will coutiuue to be heard. In 




this way we can readily discovier whether certain membera of 
the series of simple tones are contained in the compoond tone of 
a string when excited in any given way, and the ear can be ren- 
dered sensible of their existence. 

When once these simple tones in the sotmd of a string have 
been thus rendered audible, the ear will readily be able to 
observe them in the untouched string, after a little accurate 
attention. 

The series of tones whicli are thus made to combine w 
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given fiinilamenfal tone, ia perfectly determinate. They a: 
which perform twice, thrice, four times, &c., as many vibrationa 
in a second as the fundamental tcne. They are called the upper 
pariiali, or harmonic overtoaea, of the fundameulal tone. If 
this laet he c, the series may he written as follows in musical 
notation, [it being understood that, on account of the tempera- 
ment of a piano, these are not preci^ly the fundamental tones of 
the corresponding strings on that instrument, and that in par- 
ticular the upper partial, h" t, is necesfjirily much flatter than the 
fundamental tone of the correspoading note on the piano]. 



^ 



Not only strings, but. almost all kinds of musical in- 
struments, produce waves of sound which are more or less I 
different from those of simple tones, and are therefore , 
capable of being compounded out of a greater or leoa , 
number of simple waves. The ear analyses them all by ' 
means of Fourier's theorem better tban the best mathe- 
matician, and on paying sufficient attention can distin- 
gruisb the separate simple tones due to the corresponding 
simple waves. This corresponds precisely to our theory 
of tbe sympathetic vibration of the organs described by 
Corti. Experiments with the piano, as well as the 
mathematical theory of sympathetic vibrations, show that 
any upper partials which may be present will also produce 
Bympatbetic vibrations. It follows, therefore, that in the 
cochlea of the ear, every external tone will set in sympa- 
thetic vibration, not merely the little plates with their j 
accompanying nerve-fibres, corresponding to its fimda- I 
mental tone, but also those corresponding to all the upper J 
partials, and that consequently the latter must be heard I 
as well as the former. 

Hence a simple tone is one excited by a succession of ' 
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simple wave-forms. All other wave-formB, such as those 
produced by the greater number of musical inBtrunieiita, 
excite senaaLioiiB of a variety of simple tones. 

Consequently, all the tones of musical instruments 
must in strict language, so far as the sensation of musical 
tuae is concerned, he regarded as chords with a pre- 
domiuant fundameatal tone. 

The whole of this tbeoiy of upper partials or harmonic 
overtones will perhaps seem new and singular. Probably 
few or none of those present, however frequently they 
may have heard or performed music, and however fine 
may be their musical ear, have hitherto perceived the 
existence of any such tones, although, according to my 
representations, tbey must be always and continuously 
present. In fact, a peculiar act of attention is requisite 
in order to hear them, and unless we know how to perform 
this act, the tones remain concealed. As you are aware, 
no perceptions obtained by the senses are merely sensa^ 
tions impressed on our nei^vous systems. A peculiar 
intellectual activity is required to pass from a nervous 
sensation to the conception of an external object, which 
the sensation has aroused. The sensations of our nerves 
of sense are mere eymbola indicating certain external 
objects, and it is usually only after considerable practice 
that we acquire the power of drawing correct conclusions 
from our sensations respecting the corresponding objects. 
Now it is a universal law of the perceptions obtained 
through the senses, that we pay only so much attention to 
the sensations actually experienced, as is sufficient for us I 
to recognise external objects. In this respect we are very ' 
onesided and inconsiderate partisans of practical utility ; 
far more so indeed than we suspect. All sensations which 
have no direct reference to external objects, we are accus- 
tomed, as a matter of course, entirely to ignore, and wo 
do not become aware of them till we make a scientii 



I 
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inyestigation of the action of the seuBes, or have our | 
attention directed hy illness to the phenomena of our own ' 
bodies. Thii3 we often find patients, when suffering under 
a slight inflammation of the eyes, become for the first 
time aware of those beads and fibres known as maitckes 
volantea swimming about within the vitreous liumour of 
the eye, and then they often hypochondriacal I y imagine 
all sorts of coming evils, because they fancy that these 
appearances are new, whereas they have generally existed 
all their lives. 

s Who can easily discover that there is an absolutely 

blind point, the so-called •pwnctwm cacum, within the 
retina of every healthy eye ? How many people know 
that the only objects they see single are those at which 
they are looking, and that all other objects, behind or 
before these, appear double ? I could adduce a long list 
of similar examples, which have not been brought to 
light till the actions of the senses were scientifically in- 
vestigated, and which remain obstinately concealed, till 
attention has been drawn to them by appropriate means 
— often an extremely difficult task to accomplish. 

To this class of phenomena belong the upper partial 
tones. It is not enough for the auditory nerve to have a 
sensation. The intellect must reflect upon it. Hence 
my former distinction of a material and a spiritual ear. 

We always hear the tone of a string accompanied by a 
certain combination of upper partial tones. A different 
combination of such tones belongs to the tone of a flute, 
or of the hiuuan voice, or of a dog's bowl, "S^'hether a 
violin or a flute, a mau or a dog is close by us is a matter 
of interest for us to know, and our ear takes care to dis- 
tinguish the peculiarities of their tones with accuracy. 
The meaTis by which we can distinguish them, however, 
is a matter of perfect indifference. 

Whether the cry of the dog contains the higher octawa 
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or the twelfth of the fundamental tone, has do practical 
interest for us, and never occupies our attention. Tha 
upper partiala are consequently thrown into that un- 
aoalysed mass of peculiarities of a tone which we call its 
quality. Now as the existence of upper partial tonea 
depends on the wave form, we see, as I was able to 
state previously (p. 74), that the quality of tone corre- 
sponds to the form of wave. 

The upper partial tones are most easily heard when 
they are not in harmony with the fundamental tone, as 
in the case of hells. The art of the bell-foimder consists 
precisely in giving bells sach a form that the deeper and 
stronger partial tones shall be in harmony with tLe 
fundamental tone, as otherwise the bell would be un- 
musical, tinkling like a kettle. But the higher partiala 
are always out of harmony, and hence bells are unfitted 
for artistic music. 

On the other hand, it follows, from what has been said, 
that the upper paiiial tones are all the more difficult to 
hear, the more accustomed we are to the compound tones 
of which they form a part. This is especially the case 
with the human voice, and many skilful observers have 
consequently failed to discover them there. 

The preceding theory was wonderfully corroborated by 
leading to a method by which not only I myself but 
other persons, were enabled to hear the upper partial 
tones of the human voice. 

No particularly iine musical ear is required for thil 
purpose, as was formerly supposed, but only proper means 
for directing the attention of the observer. 

Let a powerful male voice sing the note eb^^^E to 
the vowel o in ore, close to a good piano. Then lightly 
touch on the piano the note b' b ^j^ in the next octav« 




HAEMONY IN MUSIC. 



95 



above, and listen attentively to the sound of the piano aa 
it diea away. If this 6' i? is a real upper partial in the 
compound tone uttered by the singer, the sound of the 
piano will apparently not die away at all, but the corre- 
sponding upper partial of the voice will be beard as if 
the note of the piano continued.' By properly varying 
the experiment, it will be found possible to distinguish 
the vowels from one another by their upper partial tones. 
The investigation is rendered much easier by arming 
the ear with small globes of glass or metal, as in Fig. 12. 



I 




I The larger opening a is directed to the source of sound, 

i and the smaller funnel-shaped end is applied to the drum 

of the ear. The enclosed mass of air, which is almost 

entirely separated from that without, has its own proper 

I tone or key-note, which will be heard, for example, on 

blowing across the edge of the opening a. If then this 

|. proper tone of the globe is excited in the external air, 

' either as a fundamental or upper partial tone, the in- 

' Id repeating this experiment tlie observer miiBt reinember that the f a 
of the piano U not B true twelith belov ths ^/|:. Hence the a inger should 
first be given i*!! from the piEino, vrhich ho will natarally sing aa 4 ft, an 
octare loirer, and then talie a true fifth below it. A skilful einger will 
thuB hit the true twelfth and produce the required upper partial b'b. On 
the other hand, if he sings elt fnim the piauo, hie upper partial i/ltirill 
Vrobalilf beat with that of the piano.— Ta. 
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eluded Eoass of air is brought into violeut sympathetie 
vibration, and the ear thua connected with it hears the 
correspoodiog tone with much increased inteDsity. Bj 
thig means it is extremely easy to determine whether the 
proper tone of the globe is or is not contained in ■ 
compound tone or mass of tones. 

On esamimng the vowels of the human voice, it is essj 
to recognise, with the help of such resonators as have jnrt 
been described, that the upper partial tones of each vowel 
are peculiarly strong in certain parts of the scale: thus 
in ore has its upper partials in the neighbourhood of 
b' &, A in father in the neighbourhood of b" \z (iin octave 
higher). The following gives a general view of those 
portions of the scale where the upper partials of the 
vowels, as pronounced in the north of Germany, are 
ticularly strong. 




' The corresponding English tawbI aonnda are proijablj m 
predeelj the aamn as those pronoanceii hy the author. It is nei^ 
note this, for a very slight varialJoQ iu pronuncintion would p 
change ia the fundnmrntal tone, and conseqnentlj a more consLdsntbttt ' 
change in the position of the upper partials. The tones gicon by Donden, 
which are written below the English eqairalents, are cited on the anthoiitj 
of HelmhoIt^'B Tbnenpjindutigfn, 3rd edition, 1S70> p. Ill, vhere Eelm- 
holtE sajs : ' Donders'B resultB difFei somsirhat from mine, partly becauts 
hia refer to a Dutch, and mine U> a North German pronundation, and partly 
bn^anse Donders, not having had the assiBtance of tuning forks, could nut 
always correctly determine the oetave lo which the sounds belong,' Also 
(lA. p. 167) the author romarka that, i" b answers only to the deep German 
□ (which is tJie broad Scotch a', or avi without labialisation), and that if tha 
brighter Itidian a (English a in fothpr) be used, tho resonance rises a third, 
to li*". Dr. C. L. Merkpl, of Leipzig, in his Pk^siotogie der menseMicht 
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The following easy experiment clearly shows that it is 
lodiffereiit whether the several siinple tones contained in 
nponnd tone like a vowel uttered by the human voice 
pome from one Rource or several. If the dampera of a 
pianoforte ai'e raised, not only do the sympathetic vibra- 
tions of the Btrings furnish tones of the same pitch as 
those uttered beside it ; but if we sing A (a in father) to 
any note of the piano, we hear an A quite clearly re- 
turned from the strings ; and if E {a in fare or fate), 
(o in hole or ore), and U {oo in cool), be similarly aung to 
the note, E, 0, and U will also be echoed back. It ia 
only necessary to hit the note of the piano with great 
exactness.' Now the sound of the vowel ia produced 

'le, 1R66, p, 109, alter citing HEtmholtz's experiments aa detailed in 
Jut Tanitnpfiidinigen. gives ths foUowing as ' the pitchca of tha Toiralfl 
acconling to hie most recent examination of his own habits of apeecli, u 
■ccurataly as be is able to cotfl them.' 



1 



' Effo the note a applite to ti^e iinibre obscur of A nith lov larynx, and 
i to the iimbre clair of A with higli larym, and Bimilarly the rowel E may 
pAa« from if ' to e" by nmrawiiig the cbuDDel in the mouth. The inlerme- 
^ate towbIb Q, A, hare also two difiercub timbres and hence their pitch is 
not fixed ; the most frequent are consequently written over one another; 
the lower note is for the obscure, and the higher for the bright timbre. 
Sut the Towel U seems to he tolerably fixed as of, just as its parents U and 

] I are upon d and a", and it has consequently tha pilch of the ordinary a' 

■ tuning fork.' — Ta. 

' My own fliperienCB ahowa that if any vowel at any pitch be loudly and 
dharply anng, or called out, beside apiano, of which the dampers haTo been 
THiisod, that vovel will be echoed back. There ia generally a sensible pause 
before the echo is heard. Bsfore repe&ting the experiment with ft new 
Towal, whether at the same or a different pitch, damp all tlia strings and 
then again raise the dampers. The result can easily be made audible to a 
hundred persona at once, aad it is extremely interesting and instructive. It 
is pocnliarly so, if different vowels be sung to the same pitch, so that they 
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solely by the sympathetic vibration of the higher strings, 
which correspond with the upper partial tones of the tone 
sung. 

In this experiment the tones of numerous strings are 
excited by a tone proceeding from a single source, the 
human voice, which produces a motion of the air, equi- 
valent in form, and therefore in quality, to that of this 
single tone itself. 

We have hitherto spoken only of compositions of waves 
of diflTerent lengths. We will now compound waves of 
the same length which are moving in the same direction. 
The result will be entirely diflTerent, according as the 
elevations of one coincide with those of the other (in 
which case elevations of double the height and depres- 
sions of double the depth are produced), or the elevations 
of one fall on the depressions of the other. If both 
waves have the same height, so that the elevations of one 
exactly fit into the depressions of the other, both eleva- 
tions and depressions will vanish in the second case, and 
the two waves will mutually destroy each other. Simi- 
larly two waves of sound, as well as two waves of water, 
may mutually destroy each other, when the condensations 
of one coincide with the rarefactions of the other. This 
remarkable phenomenon wherein sound is silenced by a 
precisely similar sound, is called the interference of 
sounds. 

This is easily proved by means of the siren already 
described. On placing the upper box so that the puffs of 
air may proceed simultaneously from the rows of twelve 
holes in each wind chest, their effect is reinforced, and 

iiaye all the same fundamental tone, and the upper partials only differ in 

intensity. For female voices the pitches ^ *~r~ ' ^ ^ ^' ^^ fayourable 

for all Towels. This is a fundamental experiment for the theory of vowel 
sounds, and should be repeated by all who are interested in speech. — ^Tn. 
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we obtain the fundamental tone of the corresponding 
tone of the siren very full and strong. But on arranging 
the boxes so that the upper pufifs escape when the lower 
series of holes is covered, and conversely, the fundamental 
tone vanishes, and we only hear a faint sound of the first 
upper partial, which is an octave higher, and which is not 
destroyed by interference under these circumstances. 

Interference leads us to the so-called musical beats. 
If two tones of exdctly the same pitch are produced 
simultaneously, and their elevations coincide at first, they 
will never cease to coincide, and if they did not coincide 
at first they never will coincide. 

The two tones will either perpetually reinforce, or per- 
petually destroy each other. But if the two tones have only 
approadmatively equal pitches, and their elevations at 
first coincide, so that they mutually reinforce each other, 
the elevations of one will gradually outstrip the elevations 
of the other. Times will come when the elevations of the 
one fall upon the depressions of the other, and then other 
times when the more rapidly advancing elevations of the 
one will have again reached the elevations of the other. 
These alternations become oensible by that alternate 
increase and decrease of loudness, which we call a beat. 
These beats may often be heard when two instruments 
which are not exactly in unison play a note of the same 
name. When the two or three strings which are struck 
by the same hammer on a piano are out of tune, the beats 
may be distinctly heard. Very slow and regular beats 
often produce a fine effect in sostenuto passages, as in 
sacred part-songs, by pealing through the lofty aisles like 
majestic waves, or by a gentle tremour giving the tone a 
character of enthusiasm and emotion. The greater the 
diflference of the pitches, the quicker the beats. As long 
as no more than four to six beats occur in a second, 
the ear readily distinguishes the alternate reinforcements 
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of the loue. If the beats are more rapid the tone grates 
on the ear, or, if it is high, becomes cutting. A grating 
tone is one interrupted by rapid breaks, like that of the 
letter R, which is produced by interrupting the tone of 
the voice by a tremoiu: of the tongue or uvula.* 

When the beats become more rapid, the ear finds a 
continually-increasing diflficulty when attempting to hear 
them separately, even though there is a sensible rough- 
ness of the tone. At last they become entirely undis- 
tinguishable, and, like the separate puffs which compose 
a tone, dissolve as it were into a continuous sensation 
of tone.* 

Hence, while every separate musical tone excites in 
the auditory nerve a uniform sustained sensation, two 
tones of different pitches mutually disturb one another, 
and split up into separable beats, which excite a feeling 
of discontinuity as disagreeable to the ear as similar 
intermittent but rapidly repeated sources of excitement 
are impleasant to the other organs of sense ; for example, 
flickering and glittering light to the eye, scratching with 
a brush to the skin. This roughness of tone is the es- 
sential character of dissonance. It is most unpleasant to 
the ear when the two tones differ by about a semitone, in 
which case, in the middle portions of the scale, from twenty 
to forty beats ensue in a second. When the difference is 
a whole tone, the roughness is less ; and when it reaches 
a third it usually disappears, at least in the higher parts 
of the scale. The (minor or major) third may in conse- 

^ The trill of the uvula is called the Northumbrian burr, and is not 
known out of Northumberland, in England. In France it is called the 
r grasseyi or provengal^ and is the commonest Parisian sound of r. The 
uvula trill is also very common in Germany, but it is quite unknown in 
Italy.— Tb. 

^ The transition of beats into a harsh dissonance was displayed by means 
of two organ pipes, of which one was gradually put more and more out of 
tune with the other. 
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qaence pass as a consonance. Even when the fund imental 
tones have such widely-different pitches that they cannot 
produce audible beats, the upper partial tones may beat 
and make the tone rough. Thus, if two tones form a 
fifth (that is, one makes two vibrations in the same time 
as the other makes three), there is one upper partial in 
both tones which makes six vibrations in the same time. 
Now, if the ratio of the pitches of the fundamental tones 
is exactly as 2 to 3, the two upper partial tones of six 
vibrations are precisely alike, and do not destroy the 
harmony of the fundamental tones. But if this ratio is 
only approximatively as 2 to 3, then these two upper 
partials are not exactly alike, and hence will beat and 
roughen the tone. 

It is very easy to hear the beats of such imperfect 
fifths, because, as our pianos and organs are now tuned, 
all the fifths are impure, although the beats are very 
slow. By properly directed attention, or still better 
with the help of a properly tuned resonator, it is easy to 
hear that it is the particular upper partials here spoken 
of, that are beating together. The beats are necessarily 
weaker than those of the fundamental tones, because the 
beating upper partials are themselves weaker. Although 
we are not usually clearly conscious of these beating 
upper partials, the ear feels their effect as a want of 
uniformity or a roughness in the mass of tone, whereas 
a perfectly pure fifth, the pitches being precisely in the 
ratio of 2 to 3, continues to sound with perfect smooth- 
ness, without any alterations, reinforcements, diminutions, 
or roughnesses of tone. As has already been mentioned, 
the siren proves in the simplest manner that the most 
perfect consonance of the fifth precisely corresponds to 
this ratio between the pitches. We have now learned 
the reason of the roughness experienced when any devia- 
tion from that ratio has been produced. 
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In the same way two tones, which have their pitches 
exactly in the ratios of 3 to 4, or 4 to 5, and coneequently 
form a. perfect fourth or a perfect major third. Bound 
much better when sounded together, than two others of 
which the pitches slightly deviate from this exact ratio. 
In this manner, then, any given tone being assumed aa 
fundamental, there ia a precisely determinate number of 
other degrees of tone which can be sounded at the aame 
time with it, without producing any want of uniformity 
or any roughness of tone, or which will at least produce 
less roughness than any slightly greater or smaller inter- 
vals of tone under the same circumstances. 

This is the reason why modem music, which is essen- 
tially based on the harmonious consonance of tones, has 
been compelled to limit its scale to certain determinate 
degrees. But even in ancient mUsic, which allowed only 
one part to he sung at a time, and hence had no harmony 
in the modem sense of the word, it can be shown that 
the upper partial tones contained in all musical tonea 
sufficed to detei-mine a preference in favour of pro- 
gressions through certain determinate intervals. When 
an upper partial tone is common to two successive tones 
in a melody, the ear recognises a certain relationship 
between them, serving as an artistic bond of union. 
Time is, however, too short for me to enlarge on this 
topic, as we should be obliged to go far back into the 
history of music. 

I will but mention that there exists another kind of 
secondary tones, which are only heard when two or more 
loudish tones of different pitch are soimded together, and 
are hence termed cOTTiMnationaU These secondary tones 

' Theee aio of tiro kinds, differential and ncntToaiiiinid, according as thetc 
piteh is the differeoce or Bom of tie piwlies of tha two generating tones. 
The former am the onlj comtiinational Uidcb here spoken of. The dia- 
coTB>7 of the latter was entirely due to the theoretical iHTeBtigatiooB of tbt 
author.— Tb. 
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are likewise capable of beating, and hence producing 
toughness in the chorda. Snppoae a perfectly just majon 
third d e' 4) J ■ (ratio of pitches, 4 to 5) is Bounded on 
the siren, or with properly-tuned organ pipes, or on & 
violin;' then a faint C ' ^ i ■ two octaves deeper than 
the c' will be beard aa a combinational tone. The same 
is also heard when the tones e' g" m^^^ (ratio of 
pitches 5 to 6) are sounded together.' 

If the three tones </, e*, g", having their pitches precisely 
in the ratios 4, 5, and 6, are struck together, the com- 
binational tone C ia produced twice ' in perfect unison, 
and without beats. But if the three notes are not 
exactly thus tuned,' the two G combinational tones will 
have different pitches, and produce faint beats. 

The combinational tones are usually much weaker than 
the upper partial tones, and hence their beats are much 
less rough and sensible than those of the latter. They 
are consequently but little observable, except in tones 
which have scarcely any iipper partials, as those produced 
by flutes or the closed pipes of organs. But it Is indisput- 
able that on such instruments part-mosic scarcely presents 
any line of demarcation between hai'mony and dyshar- 
mony, and is consequently deficient both in strength and 
character. On the contrary, all good musical qualities of 
tone are comparatively rich in upper partials, possesaing 

' In the onlinaiy tuuing of the EngLieh concertitia tb!s mnjor third la 
jtiBt, and genorally this instrument shows the differential tones very welL 
The major third ia verj fwlee on the harmonium and piano.— Th, 

' This minor third is very falee on the English concertina, harmonium, or 
piano, and the combination^ tone he«,rd is cosBsqueutlj very difTurBiit 
from IhetmoC— Tb. 

' Tha combinational tone c, an oetaVB higher, ia also produced oi 
from tha Brih & g'.—Tn. 

' Aa on !he English concertina or hannoninm, on hoth of which the ot 
■aquent offcct may be well heard. — Tb. 
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the five first, which form the octaves, fiftha, and major 
thirds of the fundamental tone. Hence, in the mixture 
stops of the organ, additional pipes are tised, giving the 
series of upper partial tones corresponding to the pipe 
producing the fundamental tone, in order to generate a 
penetrating, powerful quality of tone to accompany con- 
gregational singing. The important part played by the 
upper partial tones in all artistic musical effects ia here 
alaxt indisputahle. 

Wo have now reached the heart of the theory of har- 
mony. Harmony and dysharmony are distinguished by 
the undisturbed current of the tones in the former, 
which are as flowing as when produced separately, and 
by the disturbances created in the latter, in which the 
tones split up into separate beats. All that we have 
considered, tends to this end. In the first place the 
phenomenon of beats depends on the interference of 
waves. Hence they could only occur, if soimd were due 
to undulations. Next, the determination of consonant 
intervals necessitated a capability in the ear of feeling 
the upper partial tones, and analysing the compound 
Bystems of waves into simple imdulations, according to 
Fourier's theorem. It is entirely due to this theorem 
that the pitches of the upper partial tones of all service- 
able musical tones must stand to the pitch of their fun- 
damental tones in the ratios of the whole numbers to 1, 
and that consequently the ratios of the pitches of con- 
cordant intervals must correspond with the smallest 
possible whole numbers. How essential is the phygio- 
logical constitution of the ear which we have just 
considered, becomes clear by comparing it with that of 
the eye. Light is also an undidiition of a peculiar 
medium, the luminous ether, diffused through the uni- 
verse, and light, as well as sound, exhibits phenomena of 
interference. Light, too, has waves of various peri( 
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ea of vibration, wliich produce in the eye the BeDsation 
of colour, red having the greatest periodic time, then 
orange, yellow, green, blue, violet; t.be periodic time of 
violet being about half that of the outermotit red. But 
the eye is unable to decompose compound systems of 
lumiuoua waves, that is, to distinguish compound colours 
from one another. It experiences from them a single, 
unanalysable, simple sensation, that of a mixed colour. 
It is indifferent to the eye whether this mixed colour 
results from a union of fundamental colours with simple, 
or with non-simple ratios of pcTiodio t^imes. The eye haa 
no sense of harmony in the same meaning as the ear. 
There is no music to the eye. 

Esthetics endeavour to find the principle of artistic 
beauty in its unconscious confoimity to law. To-day I 
have endeavoured to lay bare the hidden law, on which de- 
pends the agreeableness of consonant combinations. It ia 
in the truest sense of the word unconsciously obeyed, so 
far as it depends on the upper partial tones, which, 
though felt by the nerves, are not usually consciously 
present to the mind. Their compatibihty or inoom- 
patibility however is felt, ■without the hearer knowing 
the cause of the feeling he experiences. 

These phenomena of agreeableness of tone, as deter- 
mined solely by the senses, are of course merely the first 
step towards the beautiful in music. For the attainment 
of that higher beauty which appeals to the intellect, 
harmony and dysbarmony are only means, although essen- 
tial and powerful means. In dysbarmony the auditory 
nerve feels hurt by the beats of incompatible tones. Tt 
longs for the pure efflux of the tones into harmony. It 
hastens towards that harmony for satisfaction and rest. 
Thus both harmony and dysharmony alternately urge and 
moderate the flow of tones, while the mind sees in their 
immaterial motion an image of its own perpetually 
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streaming thoughts and moods. Just as in the rolling 
ocean, this movement, rhythmically repeated, and yet 
ever varying, rivets oiu: attention and hurries us along. 
But whereas in the sea, blind physical forces alone are at 
work, and hence the final impression on the spectator's 
mind is nothing but solitude — in a musical work of art 
the movement follows the outflow of the artist's own 
emotions. Now gently gliding, now gracefully leaping, 
now violently stirred, penetrated or laboriously contend- 
ing with the natural expression of passion, the stream of 
sound, in primitive vivacity, bears over into the hearer's 
soul unimagined moods which the artist has overheard 
from his own, and finally raises him up to that repose of 
everlasting beauty, of which God has allowed but few of 
his elect favourites to be the heralds. 

But I have reached the confines of physical sciencot 
end must close. 



ICE AND GLACIERS. 



A LE0TT7BB BELIYEBBD AT FBANKFOBT-ON-THE-MAIir, AVB AT 

HBISELBEBO, IN FBBBTJABY 1865. 



The world of ice and of eternal snow, as unfolded to us 
on the summits of the neighbouring Alpine chain, so 
stem, so solitary, so dangerous, it may be, has yet its own 
peculiar charm. Not only does it enchain the attention of 
the natural philosopher, who finds in it the most wonderful 
disclosures as to the present and past history of the globe, 
but every summer it entices thousands of travellers of all 
conditions, who find there mental and bodily recreation. 
While some content themselves with admiring from afar 
the dazzling adornment which the pure, luminous masses 
of snowy peaks, interposed between the deeper blue of 
the sky and the succulent green of the meadows, lend to 
the landscape, others more boldly penetrate into the 
strange world, willingly subjecting themselves to the 
most extreme degrees of exertion and danger, if only 
they may fill themselves with the aspect of its sublimity. 

I will not attempt what has so often been attempted in 
vain — to depict in words the beauty and magnificence of 
nature, whose aspect delights the Alpine traveller. I 
may well presume that it is known to most of you from 
your own observation ; or, it is to be hoped, will be 
80. But I imagine that the delight and interest in *' 
6 
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magnificence of those eceaea will make yoa the more 
inclined to lend a willing ear to the remarkable results of 
modem inveatigutions on tbe more prominent phenomeiu 
of the glacial world. There we see that minute pecu- 
liarities of ice, the mere mention of which might at other 
tiraea be regarded as a scieutific Buhtlety, ai-e thecausea of 
the most important changes in glaciers ; Bhapelesa masetj 
of rook begin to relate their histories to the attentive ob- 
server, histories which often stretch far beyond the past of 
the human race into the obscurity of the primeval world: 
a peaceful, uniform, and beneficent sway of enormous 
natural forces, where at first sight only desert wastes are 
seen, either extended indefinitely in cheerless, desolate 
solitudes, or full of wild, threatening confusion — an arenn 
of destructive forces. And thus I think J may promise 
that the study of the connection of those phenomena of 
which I can now only give you a very short outline will 
not only afford you some prosaic instruction, but will 
make your pleasure in the magnificent scenes of the high 
mountains more vivid, your interest deeper, and year 
admiration more exalted. 

Let me first of all recall to your remembrance tbe chief 
features of the external appearance of the snow-fields and 
of the glaciers ; and let me mention the accurate 
measurements which have contributed to supplement ob- 
servation, before I pass to discuss the causal connection of 
those processes. 

The higher we ascend the mountains the colder it becomes. 
Our atmosphere is like a warm covering spread over the 
earth ; it is well-nigh entirely transparent for the lumi- 
nous darting rays of the sun, and allows tbem to pass almost 
without appreciable change. But it is not equally pene- 
trable by obscure heat^rays, which, proceeding from heated 
terrestrial bodies, struggle to diffuse themselves into space. 
These are absorbed by atmospheric air, especially when it 
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ffl moist ; the masB of air ia itself heated therehy, and 
only radiates slowly into space the heat which has been 
gained. The expenditure of heat is thus retarded as com- 
pared with the supply, and a certain store of heat is 
retained along the whole svirface of the earth. But on 
high mountainB the protective coating of the atmosphere 
is far thinner — the mdiated heat of the ground can escape 
thence more freely into space ; there, accordingly, the 
accumulated store of heat and the temperature are far 
smaller than at lower levels. 

To this must be added another property of air which 
acts in the same direction. In a mass of air which ex- 
pands, part of its store of heat disappears ; it becomes 
cooler, if it cannot acquire fresh heat from without. 
Conversely, by renewed compression of the air, the same 
quantity of heat is reproduced which had disappeared du- 
ring expansion. Thus if, for instance, south winds drive 
the warm air of the Mediterranean towards the north, and 
compel it to ascend along the great mountain-wall of the 
Alps, where the air, in consequence of the diminished 
pressure, expands by about half its volume, it thereby 
becomes very greatly cooled — for a mean lieightof 11,000 
feet, by from 18° to 30° C, according as it is moist or dry— 
and it thereby deposits the greater part of its moisture as 
rain or snow. If the same wind, passing over to the north 
side of the mountains as Fohn-wind, reaches the valleys 
and plains, it again becomes condensed, and is again 
heated. Thus the same current of air which is warm in 
the plains, both on this side of the chain and on the other, - 
ia bitterly cold on the heights, and can there deposit snow, 
while in the plain we find it insupportahly hot. 

ITie lower temperature at greater heights, wliich is due 
to both these causes, is, as we tnow, very marked on tlie 
lower mountain chains of our neighbourhood. In central 
Europe it amounts to about 1° C. for an ascent of 480 feet; • 
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in winter it is Ibbb — 1° for abont 720 feet of ascent. 
In the Alps the differences of temperature at great heights 
are accordinj^ly far more considerable, so that upon the 
higher parts of their peaks and slopes the enow which has 
fallen in winter no longer melts in summer. This line, 
above which snow covers the ground throughout the entire 
year, is well known as the Bnoto-line; on the northern 
side of the Alps it is about 8,000 feet high, on the 
Bouthem aide about 8,800 feet. Above the snow-line it 
may on sunny days be very warm ; the unrestrained radi- 
ation of the sun, increased by the light reflected from the 
snow, often becomes utterly unbearable ; so that the 
tourist of sedentary habits, apart from the dazzling of his 
eyes, which he must protect by dark spectacles or by a 
veil, usually gets severely sunburnt in the face and hands, 
the result of which is an inflammatory swelbng of the 
skin and great blisters on the surface. More pleasant 
testimonies to the power of the sunshine are the vivid 
colours and the powerful odour of the small Alpine flowers 
which bloom in the sheltered rocky clefts among the snow- 
fields. Notwithstanding the powerful radiation of the sun 
the temperature of the air above the snow-fields only rises 
to 5°, or at most 8° ; this, however, is sufficient to melt a 
tolerable amount of the superficial layers of snow. But 
the warm hours and days are too short to overpower the 
great masses of snow which have fallen during colder 
times. Hence the height of the snow-line does not de- 
pend merely on the temperature of the mountain slope, 
but also essentially on the amount of the yearly snow-fall. 
It is lower, for instance, on the moist and warm south 
slope of the Himalayas, than on the far colder but also far 
drier north slope of the same moimtain. Corresponding 
to the moist climate of westera Europe, the Snow-fall 
upon the Alps is very great, and hence the number and 
(■xlent of their glaciers are comparatively considerable^H 
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that few mountamB of the earth can be -lonipared with 
them in this respect. Such a development of the glacial 
world is, as fiir as we know, met with only on the Hima- 
layas, favoured by the greater height ; in Greenland and 
in Northern Norway, owing to the colder climate ; in a 
few islands in Iceland ; and in New Zealand, from the 
more abundant moisture. 

Places above the snow-Hne are thus characterised by 
the fact that the snow which in the course of the year 
falla on its surface, does not quite melt away in Bummer, 
but remains to some estent. Thia enow, which one 
Kummer has left, is protected from the fui'ther action 
of the sun's heat by the fresh quantities that fall upon 
it during the nest autumn, winter, and spring. Of thia 
new snow also next summer leaves some remains, and 
thus year by year fresh layers of snow are accumulated one 
above the other. In those places where such an accu- 
mulation of snow ends in a steep precipice, and its inner 
structure is thereby exposed, the regularly stratified yearly 
layers are easily recognised. 

But it is clear that this accumulation of layer upon 
layer cannot go on indefinitely, for otherwise the height 
of the snow peak would continually increase year by year. 
But the more the snow is accumulated the steeper are the 
slopes, and the greater the weight which presses upon the 
lower and older layers and tri&i to displace them. Ulti- 
mately a state must be reached in which the snow slopes 
are too steep to allow fresh snow to rest upon them, and 
in which the burden which presses the lower layers down- 
wards ia so great that these can no longer retain tlieir 
position on the sides of the mountain. Thus, part of the 
snow which had originally fallen on the higher regions o£ 
the TQOuiitain above the snow-line, and had there been 
protected from melting, is compelled to leave its original 
position and seek a new one, which it of course finds only 
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below the snow-line on the lower slopes of the mountain, 
and especially in the valleys, where however being exposed 
to the influence of a warmer air, it ultimately melte and 
flows away as water. The descent of masses of snow from 
their original positions sometimes happens suddenly in 
avalanches, but it is usually very gradual in the form of 
glaciers. 

Thus we must discriminate between two distinct parts of 
th» ice-fields ; that is, first, the snow which originally fell 
— called _^m in Switzerland — above the snow-line, cover- 
ing the slopes of the peaks as far as it can hang on to 
them, and filling up the upper wide kettle-shaped enda 
of the valleys forming widely extended fields of snow or 
fi-rmneere. Secondly, the glaciers, called in the Tyrol 
flmer, which as prolongations of the snow-iielda oflen 
extend to a distance of from 4,000 to 5,000 feet below 
the snow-line, and in which the loose snow of the 
snow-fields is again found changed into transparent solid 
ice. Hence the name gladei; which is derived &om the 
Latin, glades ; French, glace, glacier. 

The outward appearance of glaciers is very character- 
istically described by comparing them with Goethe to 
currents of ice. They generally stretch from the snow- 
fields along the depth of the valleys, filling them through- 
out their entire breadth, and often to a considerable 
height. They thus follow all the curvatures, windings, 
contractions, and enlargements of the valley. Two glaciers 
frequently meet, the valleys of which unite. The two 
glacial currents then join in one common principal cur- 
rent, filling up the valley common to them both. In 
some places these ice-currenta present a tolerably level and 
coherent surface, hut they are usually traversed by cre- 
vasses, and both over the purlace and through the crevattses 
countless small and large water rills ripple, which carry 
oflF the water formed by fte melting of the ice. United, 
flfld forming a stream, they burst, tkiougb a. "jaultad and 
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clear blue gateway of ice, out at the lower end of the 
larger glacier. 

On the surface of the ire there is a large quantity of 
blocks of stone, and of rocky dihna^ which at the lower 
end of the glacier are heaped up and form iminoose walls ; 
these are called the lateral and terminal Tnoraine of the 
glacier. Other heaps of rock, the cimtral moraine, stretch 
a'ong the surface of the glacier in the direction of i 




length, forming long reguhir dark lines. These always 
start from the places where two glacier streams coincide 
Bnd unite. The central moraines are in such places to be , 
regarded as the continuations of the united lateral ( 
moraines of the two glaciers. 

The formation of the central moraine is well represented 
in the view ahove given of the Unteraar Glucier. Fig. 1 3. 
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In tbe biickgroTind are seen the two glacier cmrenta 
emerging frum different valleys ; on the rijfht from tie 
Schreckhorn, and on the left from the Finsteraarhom. 
From the place where they unite the rocky wall occupy- 
ing the middle of the picture descends, constituting the 
central mordine. On the left are seen individual large 
masses of rock reeting on pillars of ice, which are known 
as glacier tables. 

To exemplity these circnmstances still farther, I lay 
before you in Fig- 14 a map of the Meir de Olace of 
Cbamouni, copied from that of Forbes. 

The Mer de Glace in size is well known as the largest 
glacier in Switzerland, although in length it is exceeded by 
the Aletsch Glacier. It is formed irom the snow-fields that 
cover the heights directly north of Mont Diane, several of 
which, as the Grande Jorasse, the Aiguille Verte (a, 
Figa. 14 and 15), the Aiguille du Geant (b). Aiguille du 
Midi (c), and the Aiguille du Dm (d), are only 2,000 to 
3,000 feet below that king of the European mountains. 
The snow-fielda which He on the slopes and in tbe basins 
between these mountains collect in three principal car- 
rents, the Glacier du Geaut, Glacier de Lechaud, and 
Glacier du Tal^fre, which, ultimatiely united as represented 
in the map, form the Mer de Glace ; this stretches as an 
ice current 2,600 to 3,000 feet in breadth down into tbe 
valley of Cbamouni, where a powerful stream, the Arvey- 
ron, bursts from its lower end at k, and plunges into the 
Arve. The lowest precipice of the Mer de Glace, wliicli 
is visible from the valley of Cbamouni, and forma a large 
cjiacade of ice, is commonly called Glacier des Bois, from 
a small village which lies below. 

Most of tbe visitors at Cbamonni only set foot on th* 
lowest part of tbe Mer de Glace from the inn at the 
Montanvert, and when tbey are free from giddiness erOM 
the glacier at this place to the little bouse on the oppo- 
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site eide, the Chapeau (n). Although, as the map shows, 
only a comparatively very small portion of the glacier la 
thus seen and crossed, this way shows sufficiently the 



A- 



%> 



s. -%« 






»1W ft*^ 




magnificent scenes, and also the difficulties of a glacier 
exeuTHion. Bolder wanderers march upwards along the 
glacier to the Jardin, a rocky cliff clothed with Bonvs 
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vegetation, which divides tlie glacial current of tlio Gla- 
cier du Talfifre into two branches ; and holder still they 
ascend yet higher, to the Col du Geant (11,000 feet above 
the sea), and down the Italian side to the valley of Aosta. 

The surface of the Mer de Glace shows four of the 
riicky wallM which we have designated as medial moraines. 
The first, nearest the east side of the glacier, is formed 
where the two arms of the Glacier du Talefre unite at the 
lower end of the Jardin ; the second proceeds from the 
union of the glacier in question with the Glacier de 
Lechaudj the third, from tlie union of the last with the 
Glacier du Geant ; and the fourth, finally, from the top of 
the rock ledge which stretches from the Aiguille du 
Geant towards the cascade (g) of the Glacier du Geant. 

To give you an idea of the slope and the fall of the 
glacier, I have given in Fig. 15 a longitudinal section of. 
it according to the levels and measuiements taken by 
Forbes, with the view of the right banlc of the glacier. 
The lettera stand for the same objects as in Fig. 14 ; p is 
the Aiguille de Lechaud, q the Aiguille Noire, r the 
Mont Tacul, f is the Col du Geant, the lowest point in 
the high wall of rock that surrounds the upper end of 
tlie anow-fielda which feed the Mer de Glace. The base 
line corresponds to a length of a little more than nine 
miles : on the right the heighls above the sea are given in 
feet. The drawing shows very distinctly how small in 
most places is the fall of the glacier. Only an approxi- 
mate estimate coidd be made of the depth, for hitherto 
nothing certain has been made out in reference to it. i3ut m 
that it is very deep is obvious from the following IndiviH 
dual and accidental observations. ■ 

At the end of a vertical rock wall of the Tacul, tha ' 
edge of the Glacier du Geant ia pushed forth, forming an 
ice wall 140 feet in height. This would give the depth 
of one of the upper arms of the glacier at the edge. In 
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the miildle and after the union 
of the three glaciei-a the depth 
cnust be far greater. Somewhat 
below the junction Tyndall and 
Hirst sounded a moulin, that is 
a. cavity through which the sur- 
face glacier waters escape, to a 
depth of 160 feet; the guides 
alleged that they had sounded 
a similar aperture to a depth 
of 350 feet, and had found no 
bottom. From the usually deep 
trough shaped or gorge-like form 
of the bott^JIa of the valleys, 
which is constructed solely of 
roclr walls, it seems improbable 
that for a breadth of 3,000 feet 
the mean depth should only be 
350 feet ; moreover, from the 
manner in which ice moves, there 
muBt necessarily be a very thick 
coherent mass beneath the cre- 
vassed part. 

To render these magnitudes 
more intelligible by reference to 
more familiar objects, imagine 
the valley of Heidelberg filled 
with ice up to the Molkencar, 
or higher, so that the whole 
town, with all its steeples and 
the castle, is buried deeply 
beneath it j if, further, you ima- 
gine this mass of ice, gradually 
extending in height, continued 
from the mouth of the valley up 
to Neckargemiind, that would 
about correapond to the lower 
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united ice current of the Mer de Glace, Or, instead 
(jf the Rhine and the Nahe at I3ingen, suppose two ice 
currents uniting which fill the Rhine valley to its upper 
border as far as we can see from the river, and then the 
unitfid currents Btretching downwards to beyond Asmann- 
shauBen and Burg Rhoinatein ; such a current would alao 
about correspond to the size of the Mer de Glace. 

Fig. 16, which is a view of the magnificent Gomer 




u lacier seen from below, also gives an idea of the size of 
the masses of ice of the larger glaciers. 

The surface of most glaciers is dirty, from the numerous 
pebbles and sand which lie upon it, and which are heaped 
lijgether the more the ice binder them and among them 
melts away. The ice of the suiface has been partially 
destroyed and rendered crumbly. In the depths of the 
crevaeses ice is seen of a purity and clearness with whicli r 
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nothing that we are acquainted with on the plaina can be 
compared. From its purity it shows a splendid bine, 
like that of the sky, only with a greenish hue. Crevaascs in 
which pure ice is visible in the interior occur of all sizes ; 
in the beginning they form slight cracks in which a knife 
can scarcely be inserted ; becoming gradually enlarged to 
chasms, hundreds, or even thiiusands, of feet in length, 
and twenty, fifty, and as much as a hundred feet in 
breadth, while some of them are immeasurably deep. 
Tlieir vertical dark blue walls of crystal ice, glistening 
with moisture from the trickling water, form one of the 
most splendid spectacles which nature can present to us ; 
but, at the same time, a spectacle strongly impregnated 
with the excitement of danger, and only enjoyable by the 
traveller who feels perfectly free from the slightest ten- 
dency to giddiness. The tourist must know how, with 
the aid of well-nailod shoes and a pointed Alpenstock, to 
stand even on slippery ice, and at the edge of a vertical 
precipice the foot of which is lost in the darkness of 
night, and at an unknown depth. Such crevasses cannot 
always be evaded in crossing the glacier ; at the lower 
part of the Mer de Glace, for instance, where it is usually 
crossed by travellers, we are compelled to travel along 
some extent of precipitous banks of ice, which are oc- 
casionally only four to six feet in breadth, and on 
each side of which is such a blue abyss. Many a 
tiaveller, who has crept along the steep rocky slopes 
without fear, there feels his heart sink, and cannot turn 
his eyes from the yawning chasm, for he must first care- 
fully select every step for his feet. And yet these blue 
chasms, which lie open and exposed iu the daylight, are 
by no means the worst dangers of the glacier ; though 
indeed we are so organised that a danger which we per- 
ceive, and which therefore we can safely avoid, frightens ua 
far more than one which we know to exist, but which 
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is veiled from our eyes. So also it is with glacier 
chasms. In the lower part of the glacier they yawn 
before ua, threatening death and destruction, and lead us, 
timidly collecting all our presence of mind, to shrink from 
them ; thus accidents seldom occur. On the upper part 
of the glacier, on the contrary, the surface ia covered with 
snow 5 this, when it falls thickly, soon arches over the 
narrower crevasses of a breadth of from four to eight feet, 
and forma bridges which quite conceal the crevasse, bo that 
the traveller only sees a beautiful plane snow surface 
before him. If the snow bridges" are thick enough, they 
will support a man ; but tbey are not always bo, and these 
are the places where men, and even chamois, are so often 
lost. These dangers may readily he guarded against if 
two or three men are roped together at intervals of ten 
or twelve feet. If then one of them falls into a crevasse^ 
fhe two others can hold him, and draw him out again. 

In some places the crevasses may be entered, especially 
at the lower end of a glacier. In the well-known glaciers 
of Grin del wald, Roseulaui, and other places, this ia facili- 
tated by cutting steps and arranging wooden planks. 
Then anyone who does not fear the perpetually trickling 
water may explore these crevasses, and admire the won- 
derfully transparent and pure crystal walls of these 
caverns. The beautiful blue colour which they exhibit 
is the natural colour of perfectly pure water ; liquid 
water as well as ice is blue, though to an extremely small 
extent,, so that the colom: is only visible in layers of irom 
ten to twelve feot in thickness. The water of the Lake of 
Geneva and of the Ijago di Gar da exhibits the samo splendid 
colour as ice. 

The glaciers are not everywhere crevaased ; in places 
where the ice meets with an obstacle, and in the middle 
of great glacier currents the motion of which is uniform, 
the surface is perfectly coherent. 
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rig. 17 represents one of the more level parts of tLe 
Mer de Glace at the Montanvert, the little house of 
which is seen in the background. The Griea Glacier, 
where it forms the height of the pass from the Upper 
Rhone valley to the Tosa valley, may even be crossed OD 




horseback. We find the greatest disturbance of the 
surface of the glacier iu those places wliere it passes 
from a slightly inclined part of its hed to one where the 
slope is steeper. The ice is there torn in all directions 
into a quantity of detached blocks, which by ruclting 
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are usually changed into wonderfully shaped sharp ridges 
and pyramids, and from time to time Ml into the inter- 
jacent crevasses with a loud rumbling noise. Seen from a 
distance such a place appears like a wild frozen wateriall, 
and is therefore called a cascade ; such a cascade is seen in 
the Glacier dn Tal^fre at 1, another is seen in the Glacier 
da G&mt at g, Fig. 14, while a third forms the lower end 
of the Mer de Glace. The latter, already mentioned as 
the Glacier des Bois, which rises directly from the trough 
of the valley at Chamouni to a height of 1,700 feet, the 
height of the Konigstuhl at Heidelberg, affords at all 
times achief object of admiration to the Chamouni tourist. 
Fig. 18 represents a view of its fantastically rent blocks 
of ice. 

We have hitherto compared the glacier with a current 
as regards its outer form and appearance. This similarity, 
however, is not merely an external one : the ice of the 
glacier does, indeed, move forwards like the water of a 
stream, only more slowly. That this must be the easf 
follows from the considerations by which I have en- 
deavoured to explain the origin of a glacier. For as the 
ice is being constantly diminished at the lower end by 
melting, it would entirely disappear if fresh ice did not 
continually press forward from above, which, again, is 
made up by the snowfalls on the mountain tops. 

But by cai'eful ocular observation we may convince 
ourselves that the glacier does actually move. For the 
inhabitants of the valleys, who liave the glaciers constantly 
before their eyes, oft«n cross them, and in so doing make 
use of the larger blocks of stone as sign posts — detect 
this motion by the fact that their guide posts gradually 
descend in the course of each year. And as the yearly 
displacement of the lower half of the Mer de Glace at 
Chamouni amounts to no less than from 400 to 600 feet, 
you can readily conceive that such displacements mi 
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ultimately lae observed, notwitt standing the bIow rate at 
wMcli they take place, and in spite of the chaotic confu- 
eion of crevasses and rocka which the glacier exhibits. 

Besides rocks and stones, other objects which have 
accidentally alighted upon the glacier are dragged along. 




In 1788 the celebrated Genevese Saussure, together with 
his son and a company of guides and porters, spent 
sixteen days on the Col du Geant. On descending the rocks 
at the side of the cascade of the Glacier du Geant, they 
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left behind thorn a wooden ladder. ThiH was at the 
foot of the Aigiiille Noire, where the fourth band of the Mer 
de Glace begins ; this line thus marks at the same time 
the direction in which ice travels from this point. In the 
year 1832, that is, forty-four years after, fragments of 
this ladder were found by Forbes and other travellerg 
not far below the junction of the three glaciers of the 
Mel" de Glace, in the same line (at s, Fig. 19), from 




which it result'* that tlicsc piirts of the glacier must 
on the average have each year descended 375 feet. 

In the year 1827 Hugi bad built a but on the central 
moraine of the Unteraar Glacier for the purpose of 
making observations ; the exact position of this hut 
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determined by himself and afterwards ty Agassiz, and 
they found tliat each year it had moved downwards. 
Fourteen years later, in the year 1841, it was 4,884 feet 
lower, 80 that every year it had on the average moved 
through 349 feet. Agassiz afterwards fo\md that his 
own hut, which he had erected on the same glacier, had 
moved to a somewhat smaller extent. For these ohserva- 
tions a long time was necessary. But if the motion 
of the glacier be observed by means of accurate measuring 
instruments, such as theodolites, it is not necessary to 
wait for years to observe that ice moves — a single day 
is sufficient. 

Such observations have in recent times been made 
by several observers, especially by Forbes and by Tyn- 
dall. They show that in summer the middle of the 
Mor de Glace moves through twenty inches a day, while 
towards the lower terminal cascade the motion amounts 
to as much as thirty-five inches in a day. In winter the 
velocity is only about half as great. At the edges and 
in the lower layers of the glacier, as in a flow of water, 
it is considerably smaller than in the centre of the sm-- 
face. 

The upper sources of the Mer de Glace also have 
a slower motion, the Glacier du Geant thirteen inches 
a day, and the Glacier du Lechaud nine inches and J 
half. In different glaciers the velocity is in general 
very various according to the size, the inclination, the 
amount of snow-fall, and other circumstances. 

Such an enormous mass of ice thus gradually and 
gently moves on, imperceptibly to the casual observer, 
about an inch an hour — the ice of the Col du Geaut 
will take 120 years before it reaches the lower i 
of the Mer de Glace — but it moves forwai'd with im- 
controllable force, before which any obstacles that man 
could oppose to it yield lite straws, and the traceH 
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□f which are distinctly Been pven on the granite walls 
of the valley. If, after a seriea of wet Beaaona, and 
an abundant fall of Bno\^ on the heights, the base of 
a glacier advances, not merely doea it crush dwelling 
liouses, and break the trunka of powerful trees, but the 
glacier pushea before it tlie boulder walla which form 
its terminal moraine without seeming to experience any 
reaistance. A truly magnificent spectacle is this naotion, 
BO gentle, and so continuous, and yet so powerful and so 
irreBistible. 

I will mention here that from the way in which the 
glacier moves we can easily infer in what places and 
in what directions crevaaaes will be formed. For as 
all layera of the glacier do not advance with equal 
velocity, some points remain behind othera : for instance, 
the edges as compared with the middle. Thus if we 
observe the diatance from a given point at the edge 
to a given point of the middle, both of which were 
originally in the aame line, but the latter of which 
afterwards descended more rapidly, we shall find that 
this distance continually increases; and since the ice 
cannot expand to an extent corresponding to the in- 
creasing distance, it breaks up and fornis crevasees, 
as seen along the edge of the glacier in Fig. 20, which 
represents the Gomer Glacier at Zermatt. It would 
lead me too far if I were here to attempt to give a 
detailed explanation of the formation of the more regular 
Bystem of crevasses, as they occur in certain parts of all 
glaciers ; it may be sufficient to mention that the con- 
clusions deducible from the considerations above stated 
are fully borne out by observation. 

I will only draw attention to one point — what extremely 
small displacements are sufficient to cause ice to form 
Lundreda of crevasses. Tie section of the Mer de Glace 
(Fig, 21, at g, c, h) showe places where a 
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perceptible change in the inclination of the surface of 
the ice occurs of from two to four degrees. This i 
sufficient to produce a system of cross crevasses on the 
surface. Tyndall more especially has urged and con- 
firmed by observation and measurements, that the mass 
of ice of the glacier does not give way iu the smallest 




degree to extension, but when subjected to a pull ia 
invariably torn asiznder. 

The distribution of the boulders, too, on the surface 
of the glacier is readily explained when we take their 
motion into account. These boulders are fragments of 
the mountains between which the glacier flows. Detached 
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partly by the weathering (rf 
the Btone, and partly by the 
freezing of water inits crevices, 
they fall, and for the most part 
OQ the edge of the mass of ice. 
There they either remain ly- 
ing on the surface, or if they 
have originally burrowed in 
the snow, they ultimately re- 
appear in consequence of the 
n:ielting of the superficial 
layers of ice and snow, and 
they accumulate eBpecialJj 
at the lower end of the gla- 
cier, where more of the ice 
between them has been 
melted. The blocks which are 
gradtially home down to the 
lower end of the glacier are 
sometime a quite colossal in 
size. Solid rocky masses of 
this kind are met with in the 
lateral and terminal morainee, 
which are as large aa a two- 
storied house. 

The masBea of atone move in 
lines which are always nearly 
parallel to each other and to 
the longitudinal direction of 
the glacier. Those, therefore, 
that are already in the middle 
remain in the middle, and 
those that lie on the edge re- 
main at the edge. These latter 
are the more numerous, for 
during the entire course of the 
\acieT. iveak'Wivii'ffKL «3ft usir 
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Btantly falling on the edge, but cannot fiiU on the middle. 
"^Thua are formed on the edge of the mass of ice the latertl 
moraines, the boulders of which partly move along with 
the ice, partly glide over its surface, and partly rest on 
the solid rocky base near the ice. But when two glacier 
streams unite, their coinciding lateral moraines come to 
lie upon the centre of the iiaited ice-atream, and then 
move forward as central moraines parallel to each other 
and to the banks of the stream, and they show, as far 
as the lower end, the boundary-line of the ice which 
originally belonged to one or the other of the arms of the 
glacier. They are very remarkable as displaying in what 
regular parallel bands the adjacent parts of the ice-stream 
glide downwards. A glance at the map of the Mer de 
Glace, and its four central moraines, exhibits this very 
distinctly. 

On the Glacier du Geant and its continuation in the 
Mer de Glace, the stones on the surface of the ice 
delineate, in alternately grayer and whiter bands, a kind 
of yearly rings which were first observed by Forbes. 
'For since iu the cascade at g. Fig. 21, more ice slides 
down in summer than in winter, the surface of 
ice below the cascade forms a series of terraces as seen 
in the drawing, and as those slopes of the terraces which 
have a northern aspect melt less than their upper plane 
surfaces, 'the former eshibit purer ice than the latter. 
This, according to Tyndall, is the probable origin of 
these dirt bands. At first they run pretty much across 
the glacier, but as afterwards their centre moves so 
what more rapidly than the ends, they acquire farther 
down a curved shape, as represented in the map. Fig. 19. 
By their curvature they thus show to the observer with 
what varying velocity ice advances in the different partB , 
of its eourse. 

A very peculiar part is played by certain stones which 




130 ICE AXD GLACIESa. 

are imbedded in the lower surface of the mass of ice, and 
which have partly fallen there through crevasses, and 
may partly have been detached from the bottom of the 
valley. For these stones are gradually pushed with the 
ice along the base of the valley, and at the same time are 
pressed against this base by the enormous weight of the 
Buperincombent ice. Both, the stones imbedded in the 
ice, as well as the rocky base, are ecjually hard, but by 
their friction against each other they are ground to 
powder with a power compared to which any human 
exertion of force is infinitely small. • The product of 
this friction is an extremely fine powder which, swept 
away by water, appears lower down in the glacier brook, 
imparting to it a whitish or yellowish muddy appearance, 
The rocks of the trough of tlie valley, on the contrary, 
on which the glacier exerts year by year ita grinding 
power, are polished as if in an enormous polishing 
machine. They remain as rounded, Eoiootbly polished 
masses, in which are occasional scratches produced by 
individual harder stones. Thus we see them appear at 
the edge of existing glaciers, when after a series of dry 
and hot seasons the glaciers have somewhat receded. 
-But wo find such polished rocks as remains of gigantic 
ancient glaciers to a far greater extent in the lower 
parts of many Alpine valleys. In the valley of the Aar 
more especially, as far down as Meyringen, the rock-walls 
polished to a considerable height are very characteristic. 
There also we tind the celebrated polished plates, over 
which the way passes, and which are so smooth that 
furrows have had to be hewn into them and rails erected 
to enable men and animals to traverse them in safety. 

The former enormous extent of glaciers is recognised 
by ancient moraine-dykes, and by transported blocks of 
stone, as well as by these polished rocks. The blocks of 
stone which have been carried away hy the glacier are 
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diatinguiaheil from those which water has rolled down, 
by their enormous magnitude, by the perfect retention 
of all their edges which are not at all rounded off, and 
finally by their being deposited on tlie gtaeier in exactly 
the same order in which the rocbs of which they formed 
part stand in the mountain ridge ; while the stones 
which currents of water carry along are completely 
mixed together. 

From these indications, geologists have been able to 
prove that the glaciers of Chamouni, of Monte Rosa, 
of the St, Gotthard, and the Bernese Alps, formerly 
penetrated through the valley of the Arve, tbe Rhone, 
the Aare, and the Rhine to the more level part of 
Switzerland and the Jura, where they have deposited 
their boulders at a height of more than a thousand feet 
above the present level of tlie Lake of Neufcliatel. 
Similar traces of ancient glaciers are found upon the 
mountains of the British Islands, and upon the Scan- 
dinavian Peninsula. 

The drifMce too of the Arctic Sea is glacier ice; it 
is pushed down into the sea by the glaciers of Greenland, 
becomes detached from the rest of the glacier, and floats 
away. In Switzerland we find a similar formation of 
drift-ice, though on a far smaller scale, in the little 
- Marjelen See, into which part of the ice of the great 
Aletach Glacier pushes down. Blocks of stone which lie 
in drifl>-ice may make long voyages over the sea. The vaat 
number of blocks of granite which are scattered on the 
North German plains, and whose granite belongs to the 
Scandinavian mountains, has been transported by drift- 
ice at the time when the European glaciers had such an 
enormous extent. 

I must unfortunately content myself with these few 
references to the ancient history of glaciers, and re- 
vert now to the processes at present at work in them. 
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From the facta which I have hrought before you it 
results that the ice of a glacier flows slowly like the 
current of a very viacoua substance, such for instance 
aa honey, tar, or thick magma of clay. The maBS of 
ice does not merely flow along the ground like a Boliil 
which glides over a precipice, but it bends and twista in 
itself ; and although even while doing this it moves along 
the base of the valley, yet the parts which are in contact 
with the bottom and the sides of the valley are per- 
ceptibly retarded by the powerful friction ; the middle 
of the surface of the glacier, which is most distant both 
from the bottom and the sides, moving moat rapidly. 
Rendu, a Savoyard priest, and the celebrated nattiral 
philosopher Forbes, were the first to suggest the similarity 
of a glacier with a current of a viscous substance. 

Now you will perhaps enquire with astonishmeut how 
it is possible that ice, which is the most brittle and 
fragile of substances, can flow in the glacier like a 
viscous mass ; and you may perhaps be disposed to 
regard this as one of the wildest and most improbable 
statements that have ever been made by philosophers. 
I will at once admit that philosophers themselves were 
not a little perplexed by these results of their investiga- 
tions. But the facts were there, and could not be got 
rid of. How this mode of motion originated wag for a 
long time quite enigmatical, the more ao since the 
numerous crevasses in glaciers were a sufficient indication 
of the well-known brittleness of ice; and as Tyndall 
correctly remarked, this constituted an essential difference 
between a stream of ice and the flow of lava, of far, of 
honey, or of a current of mud. 

The solution of this strange problem was fomid, 88 is 
so often the case in the natural sciences, in apparently 
recondite investigations into the nature of heat, which 
form one of tlie most important conquests of modem 
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physics, and which constitute what is known aa the 
vnecka/rdcal theory of Iteat. Among a great numher of 
deductions as to the relations of the diverse natiwal 
forces to each other, the principles of the mechanical 
theory of heat lead to certain conclusions aa to the 
dependence of the freezing-point of water on the pressure 
to which ice and water are exposed. 

Everyone knows that we determine that one fixed 
point of our thermometer scale which we call the freez- 
ing-point or sero, by placing the thermometer in a 
mixture of pure water and ice. Water, at any rate 
when in contact with ice, cannot be cooled helow zero 
without itself being converted into ice ; ice cannot be 
heated above the freezing-point without melting. Ice 
and water can exist in each other's presence at only one 
temperature, the temperature of zero. 

Now, if we attempt to heat such a mixture by a flame 
beneath it, the ice melta, hut the temperature of the 
mixture is never raised above that of 0° so long as some 
of the ice remains unmelted. The heat imparted changes 
ice at zero into water at zero, but the thermometer in- 
dicates no increase of temperature. Hence physicists 
say that heat has become latent, and that water contains 
a. certain quantity of latent heat beyond that of ice at 
the same temperature. 

On the other hand, when we withdraw more heat from 
the mixture of ice and water, the water gradually freezes; 
but as long as there is still liquid water, the temperature 
remains at zero. Water at 0° has given up its latent 
heat, and has become changed into ice at 0°. 

Now a glacier is a mass of ice which is everywhere 
interpenetrated by water, and its internal temperature 
is therefore everywhere that of the freezing-point. The 
deeper layers, even of the fields of n^v^, appear on the 
heights which occur in our Alpine chain to have every 
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where the same temperature. For, though the freahly- 
falleu snow of these heights is, for the most part, at a 
lower temperature than that of 0% the first hours of 
warm sunshine melt its surface and form water, which 
trickles into the deeper colder layers, and there freezes, 
liDtil it has throughout been brought to the temperature 
of the freezing-point. Tliis temperature then remains 
unchanged. For, though by the sun'a rays the surface 
of the ice may be melted, it cannot be raised above zero, 
and the cold of winter penetrates as little into the badly- 
conducting masses of snow and ice as it does into our 
cellars. Thus the interior of the masses of neve, as well as 
of the glacier, remains permanently at the melting-point. 

But the temperature at which water freezes may be 
altered by strong pressure. This was first deduced from 
the mechanical theory of heat by James Thomson of 
Belfast, and almost simultaneously by Clausius of Ziirich ; 
and, indeed, the amount of this change may be correctly 
predicted from the same reasoning. For each increase 
of a pressure of one atmosphere the freezing-point is 
lowered by the i-rr^^ P^^*- ^^ ^ degree Centigrade. The 
brother of the former, Sir W. Thomson, the celebrated 
Glasgow physicist, made an experimental confirmation 
of this theoretical deduction by compressing in a suit- 
able vessel a mixture of ice and snow. This mixture 
became colder and colder as the pressure was increased, 
and to the extent required by the mechanical theory. 

Now, if a mixture of ice and water becomes colder 
when it is subjected to increased pressure without the 
withdrawal of heat, this can only be efiected by some 
free heat becoming latent; that is, some ice in the 
mixture must melt aad be couverted into wator. In 
this IS found the reason why mechanical pressure can 
influence the freezing-point, Vou know that ice occu> 
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pies more space than the water from which it is formed. 
When water freezes in closed vesaels, it can burst not 
OTily glass vessels, tut even iron shells. Inasmuch, there- 
the compressed mixture of ice and water some 
of the ice melts and is converted into water, the voluTne 
of the mass diminishes, and the mass can jield Ttiore to 
the pressure upon it than it could have done without 
Buch an alteration of the freezing-point. Pressure fur- 
thers in this case, as is usual in the interaction of various 
natural forces, the occurrence of a change, that is fusion, 
which is favourable to the development of its own 
activity. 

In Sir W. Thomson's esperiments, water and ice were 
confined in a closed vessel, from which nothing could 
escape. The case is somewhat different when, aa with 
glaciers, the water disseminated in the compressed ice can 
escape through fissures. The ice is then compressed, 
but not the water which escapes. The compressed ice 
becomes colder in conformity with the lowering of ita 
freezing-point by pressure ; but the freezing-point of 
water which is not compressed is not lowered. Thus 
xmder these circumstances we have ice colder than 0° in 
contact with water at 0°. The consequence is that 
around the compressed ice water continually freezes and 
forms new ice, while on the other hand part of the com- 
pressed ice melts. 

This occurs, for instance, when only two pieces of ice 
are pressed against each other. By the water which 
freezes at their surfaces of contact they are firmly joined 
into one coherent piece of ice. With powerful pressure, 
and the chilling therefore great, this is quickly effected ; 
but even with a feeble pressur-e it takes place, if suffi- 
cient time be given. Faraday, who discovered tiiis pro- 
perty, called it the regdation, of ice ; the explanation 
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of this phenomenon has been much controverted ; I 
have detailed to you that which I consider most satis- 
factorj. 

This freezing together of two pieces of ice ia very 
readily effected by pieces of any shape, which must not, 
however, be at a lower temperature than 0°, and the 
experiment succeeds best when the pieces are already in 
the act of melting.' They need only be strongly pressed 
together for a few minutes to make them adhere. The 
more plane are the surfaces in contact, the more com- 
plete is their union. But a very slight pressure ia suffi- 
cient if the two pieces are left in contact for some time.' 

This property of melting ice is also utilised by boys in 
making snow-balls and snow-men. It is well known that 
this only succeeds either when the snow is akeady melt* 
ing, or at any rate is only so mncli loner than 0° that 
the warmth of the hand is sufficient to raise it to this 
temperature. Very cold snow is a dry loose powdet 
which does not stick together. 

The process which children carry out on a small scale 
in making Bnow-balls, takes place in glaciers on the very 
largest scale. The deeper layers of what was originally 
fine loose nev6 are compressed by the huge masses rest- 
ing on them, often amounting to several hundred feet, 
and under this pressure they cohere with an ever firmer 
and closer structure. The freshly-fallen snow originally 
consisted of delicate microscopically fine ice spicules, 
united and forming delicate six-rayed, feathery stars of 
extreme beauty. As often as the upper layers of the 
snow-fields are exposed to the sun's rays, some of the 
snow melts ; water permeates the mass, and on reaching 

' 111 the Lecturn a Beries of Bnmll cylinderB of ice, which luid been pc». 
paced by a raethad to be aftcrwarda deecribed, were proased witli Ibeir plant. 
uidB HgaiDBt each other, nnd thus n cjliDdilcaJ bat of ice prodaced. 
Tide the additiuns at tbe ead of this Lecture, 
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the lower layers of still colder mow, it again li-eezeB; 
thus it is that the fim first becomeB graniilar and ac- 
quires the temperature of the freezing-point. But as the 
weight of the superincumbent masses of snow continually 
increases by the firmer adherence of its individual granules, 
it ultimately changes into a dense and perfectly hard 
mass. 

This transformation of snow into ice may be artiScially 
effected hy using a corresponding pressure. 



We have here (Fig. 
A A ; the base, B B, is 
held hy three screws, and 
can he detached, so as to 
remove the cylinder of ice 
■which ia formed. After 
the vessel has lain for a 
while in ice-water, so as 
to reduce it to the tem- 
perature of 0°, it is 
packed full of snow, and 
then the cylindrical plug, 
C C, which fits the inner 
apertiire, but moves in it 
with gentle friction, is 
forced in with the aid of 
an hydraulic press. The 
press used was such that 
the pressure to which the 
snow was exposed could 
be increased to fifty 



cylindrical cast-iron vessel. 




Of course the looser 



snow contracts to a very small volume under such a 
powerful pressure. The pressure is removed, the cylin- 
drical plug taken out, the hollow again filled up with 
snow, and the process repeated until the entire form is 
filled with the mass of ice, which no longer gives way 
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to pressure. The compresaed snow which I now te^e out,™' 
you will see, has been transformed into a hard, angular, i*"' 
and translucent cylinder of ice ; and how hard it is, ^ 
appears from the craah which ensues when I throw it to 
the ground. Just as the loose snow in the glaciers is 
pressed together to solid ice, so also in many places 
ready-formed irregular pieces of ice are joined and form 
clear and compact ice. This is most remarkable at the 
base of the glacier cascades. These are glacier falls 
where the upper part of the glacier ends at a steep rocky 
wall, and blocks of ice shoot down as avalanches over the 
edge of this wall. The heap of shattered blocks of ice 
which accumulate become joined at the foot of the rook- 
wall to a compact, dense mass, which then continues its 
way downwards as gJacier. More frequent than such cas- 
cades, where the glacier-stream is quite dissevered, are 
places where the base of the valley has a steeper slope, 
as, for instance, the places in the Mer de Glace (Fig. 14), 
at g, of the Cascade of the Glacier du Geant, and at i and 
h of the great terminal cascade of the Glacier dea Bois. 
The ice splits there into thousands of banks and cliffs, 
which then recombine towards the bottom of the steeper 
slope and form a coherent mass, 
y^ This also we may imitate in our ice-mould. Instead of 
the snow I take irregular pieces of ice, press them to- 
gether ; add new pieces of ice, press them again, and so 
on, until the moidd is full. When the mass is taken 
out it forms a compact coherent cylinder of tolerably clear 
ice, which has a perfectly sharp edge, and is an accurate 
copy of the mould. 

This experiment, which was first made by Tyndall, shows 
that a block of ice may be pressed into any mould just 
like a piece of wax. It might, perhaps, be thought that 
such a block had, by the pressure in the interior, been 
first reduced to powder so fine that it readily penetrated 
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every vice of tbe mould, and then that this powdered 
ice, lik>iow,waB again combined by freezing. This sug- 
gests it^ the more readily, since while the presa is being 
worked a mtinual creaking and cracking is heard in tTuri 
interior of ho mould. Yet the mere aspect of the cylin- 
ders pressed irom blocks of ice shows us that it has not 
been formed in this manner ; for they arc generally clearer 
than the ice which is produced from snow, and tbe indi- 
vidual larger pieces of ice which have been used to pr(^ 
duce them are recf^ised, though they are Eomewbat 
changed and flattened. This is most beautiful whea 
clear pieces of ice are laid in the form and the rest of j 
the space stuffed full of snow. The cylinder is then seen 
to consist of alternate layers of clear and opaque ice, the 
former arising from the pieces of ice, and the latter ^om 
the snow ; but here also the pieces of ice seem pressed 
into Sat discs. 

These observations teach, then, that ice need not be 
completely smashed to fit into the prescribed mould, but 
that it may give way without losing its coherence. Thia 
can be still more completely proved, and we can acquire 
still better insight into the cause of the pliability of icai 
if we presa the ice between two plane wooden boarda^! 
instead of in the mould, into which we cannot see. 

I place first an irregular cylindrical piece of naturi 
ice, taken from the fi'ozen surface of the river, with its 
two plane terminal smrfaces between the plates of the 
press. If I begin to work, the block is broken by 
pressure; every crack which foiTos extends through 
the entire mass of the block ; this splits into a heap of 
larger firagments, which again crack and are broken the 
more the press is worked. If the pressure ia relaxed, all 
these fragments are, indeed, reunited by freezing, but 
the aspect of the whole indicates that the shape of the 
block has resulted less from pliability than from fracture* 
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and that the individual fragmentB have completetf altered 
their niutual positions. 

The case ia quite different when one of the cylinders 
which we have formed from snow or ice is placed between 
the plates of the press. As the press is worked the creaking 
and cracking is heard, but it does not break ; it gradually 
changes its shape, becomes lower and at the same time 
thicker ; and only when it has been changed into a tole- 
rably flat circular disc does it begin to give way at the 
edges and form cracks, like crevasses on a small scale. 
I, Fig. 23 shows the height and diameter of such a cylinder 

|| in its original condition ; Fig. 24 represents its appearance 

after the action of the press. 

P 

r A still stronger proof of the pliability of ice is afforded 

when one of our cylinders ie forced through a narrow aper- 
ture. With this view I place a base on the previously 
described mould, which has a conical perforation, the 
external aperture of which is only two-thirds the dia- 
I, meter of the cylindrical aperture of the form. Fig. 25 

II gives a section of the whole. If now I insert into this 

I one of the compressed cylinders of ice, and force down the 

plu£ a, the ice is forced through the narrow aperture in 
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Qm "base. It at first emerges as a solid cylinder of tha > 
same diameter as the aper- 
ture ; but as the ice follows 
more rapidly in the centre 
than at the edges, the free 
terminal amface of the 
cylinder becomes curved, 
the end thickens, so that it 
coxild not be brought back 
through the aperture, and 
it ultimately splits off. Fig. 
26 exhibits a series of ^^ 

shapes which have resulted ^'trl-' - ^^f-y '^'^ 

in this manner.' 

Here also the cracks in the emerging cylinder of ice . 
eshibit a surprising similarity with the longitudinal rifta I 







which divide a glacier current where it presses through a 
narrow rocky pass into a wider valley. 

In the cases which we have described we see the change 
in shape of the ice taking place before our eyes, whereby 
the block of ice retains ita coherence without breaking 
into individual pieces. The brittle mass of ice seema 
rather to yield like a piece of was. 

A closer inspection of a clear cylinder of ice compressed \ 

' In thia experiment thp lowsr t«mporHtare of the comproSB 
times extended bo iex throagh the iron form, that the water in the alit 
bolween the base plate and theojliDder froze and formed a thin sheet of ice, 
althongh the pieces of ice as well oa tbe iron mould had prerioiuly laid U 
ice-vater, and coidd not be colder than. 0°. 
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from clear pieces of ice, wliile tho preBaure is being applied, 
sliows us what takes place in the interior ; for we then see 
an innumerable quantity of extremely fine radiating cracks 
ahoot through it like a turbid cloud, which mostly dis- 
appear, though not completely, the moment the pressure 
is suspended. Such a compressed block is distinctly 
more opaque immediately after the experiment than it 
was before ; and the turbidity arises, as may easily be 
observed by means of a lens, from a great number 
of whitish capillary lines crossing the interior of the 
mass of what is otherwise clear. These lines are the 
optical expression of extremely fine cracks ' which inter- 
penetrate the mass of the ice. Hence we may conclude 
that the compressed block is ti-aversed by a great num- 
ber of fine cracks and fisa-ures, which render it pliable, 
that its particles become a little dispersed, and are there- 
fore withdrawn from pressure, and that immediately after- 
wards the greater part of the fissures disappear, owing to 
their sides freezing. Only in those places in which the 
surfaces of the small displaced particles do not accurately 
fit to each other some fissured spaces remain open, and are 
discovered as white lines and aurfaccB by the reflection of 
the light. 

These cracks and laminee also become more perceptible 
when the ice — which, as I before mentioned, is below zero 
immediately after pressure baa been applied — is again 
raised to this temperature and begins to melt. The cre- 

■ ThflBa ccaclts are probably qaike Brnptj and free from air, for Ihaj are 
also formed nhen perfectlj clear and air-free pieces of ice are pressed ia 
the fonn which has been previoualy fliltd with watar, and wheco, therefore, 
no air could gtun iiccess to the piaee« of ice. That such air-&ee creT^CM 
occur ID glacier ice hna been abeadj demonslTated b; 'Tfndall, 'When the 
compressed ice ftftprwarda melts, iheso creyicefl fill up with water, no air 
being left. Thoj are then, however, far less visiLlo, and the whole block 
ia therxforB clearer. And JQat for this leaBoc tiiej could not ori^nallj 
hftre beeu Glled with water. 
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vices then fill with water, and audi ice then coostste of a 
quantity of minute granules from the size of a pin's bead 
to that of a pea, which are closely pushed into one another 
at the edges and projections, and in part have coalesced, 
while the narrow fissures between them are full of water, 
A block of ice thua formed of ice-granules adheres firmly 
together; but if particles be detached from its comers 
they are seen to consist of these angular granules. Gla- 
cier ice, when it begins to melt, is seen to possess the 
same structure, except that the pieces of which it coDsists 
are mostly larger than in artificial ice, attaining the size 
of a pigeon's egg. 

Glacier ice and compressed ice are thus seen to be sub- 
stances of a granular structure, in opposition to regularly 
crystallised ice, such as is formed on the surface of still 
water. We here meet with the same difi'erences as be- 
tween calcareous spar and marble, both of which consist 
of carbonate of lime ; but while the former is in large, 
regular crystals, the latter is made up of irregularly 
agglomerated crystalline grains. In calcareous spar, as 
well as in crystallised ice, the cracks produced by inserting 
the point of a knife extend through the mass, while, in 
granular ice a crack which arises in one of the bodies 
where it must yield does not necessarily spread beyond 
the limits of the granule. 

Ice which has been compressed from snow, and has 
thus iiom the outset consisted of innumerable very fine 
crystalline needles, is seen to be particularly plastic. 
Yet in appearance it materially difiers from glacier ice, 
for it is very opaque, owing to the great quantity of air 
which was originally enclosed in the flaky mass of snow, 
and which remains there as extremely minute bubbles. 
It can he made clearer by pressing a cylinder of such ice 
between wooden boards ; the air-bubbles appear then on 
the top of the cylinder as a lig-ht foam. If the discfl are 
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ati^in broken, placed in tte mould, and pressed into a 

cylinder, the air may gradually be more and more elimi- 
nated, and the ice be made clearer. No doutt in glaciers 
the originally whitish mass of n^v^ is thus gradually 
transformed into the clear, transparent ice of the glacier. 

Lastly, when streaked cylinders of ice formed from 
pieces of snow and ice are pressed ioto discs, they become 
finely streaked, for both their clear and their opaque layers 
are uniformly extended. 

Ice thus striated occurs in numerous glaciers, and is 
no doubt caused, as Tyndall maintains, by snow filing 
between the blocks of ice ; this mixture of snow and clear 
ice is again compressed in the subsequent path of the 
glacier, and gradually stretched by the motion of the 
mass : a process quite analogous to the artificial one which 
we have demonstrated, 

Thus to the eye of the natural philosopher the glacier, 
with its wildly-heaped ice-blocks, its desolate, stony, and 
muddy surface, and its threatening crevasses, has become 
a majestic stream whose peaceful and regular flow has no 
parallel ; which, according to fixed and definite laws, nar- 
rows, expands, is heaped up, or, broken and shattered, 
falls down precipitous heights. If we trace it beyond its 
termination we see its waters, uniting to a copious brook, 
burst through its icy gate and flow away. Such a brook, 
on emerging from the glacier, seems dirty and turbid 
enough, for it carries away as powder the stone which 
the glacier has ground. We are disenchanted at seeing 
the wondrously beautiful and transparent ice converted 
into such muddy water. But the water of the glacier 
streams is as pure and beautiful as the ice, though its 
beauty is for the moment concealed and invisible. We 
must search for these waters after they have passed 
through a lake in which they have deposited this pow- 
dered stone. The Lakes of Geneva, of Thun, of Lucerne, 
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of Conaiance, the Lago Maggiore, the Lake of Como, and 1 
the Lago di Garda are chiefly fed with glacier waters j 
their cleaniesa and their wonderfully beautiful blue or J 
bloe-green colour are the delight of all travellers. 

Yet, leaving aside the heaaty of these waters, and c 
eidering only their utility, we shall have still more reason I 
for admiration. The unsightly mud, which the glacier 
streams wash away, forms a highly fertile soil in the 
places where it is deposited ; for its state of mechanical 
division is extremely iine, and it is moreover an utterly 
unexhausted virgin soil, rich in the mineral food of plants. 
The fruitful layers of fine loam which extend along the 
whole Rhine plain as far as Belgium, and are known aa 
Loess, are nothing more than the dust of ancient glaciers. 

Then, again, the irrigation of a district, which is effected 
by the snow-fields and glaciers of the mountains, is distin- 
guished from that of other places by its comparatively 
greater abundancy, for the moist air which is driven over 
the cold mountain peaks depoeita there most of the water 
it contains in the form of snow. In the second place, the 
snow melta most rapidly in summer, and thus the springs 
which flow from the snow-fields are most abundant in that 
season of the year in which they are moat needed. 

Thus we ultimately get to know the wild, dead ice- 
wastes from another point of idew. From them trickles 
in thousands of rills, springs, and brooks the fructifying 
moisture which enables the industrious dwellers of the 
Alps to procure succulent vegetation and abundance of I 
nourishment from the wild mountain slopes. On the ' 
comparatively small surfaee of the Alpine chain they 
produce the mighty streams, the Rhine, the Rhone, the I 
Po, the Adige, the Inn, which for hundreds of miles form j 
broad, rich river-valleys, extending through Europe to the ] 
German Ocean, the Mediterranean, the Adriatic, and the I 
Black Sea. Let us eaU to mind how magnificently Goethe, i 
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in * Mahomet's Song,' has depicted the course of the rocky 
spring, from its origin beyond the clouds to its union 
with Father Ocean. It would be presumptuous after him 
to give such a picture in other than his own words : — 

And along, in triumph roUing, 
Names he gives to regions ; cities 
Grow amain beneath his feet. 

On and ever on he rushes ; 
Spire and turret fiery crested, 
Marble palaces, the creatures 
Of his wealth, he leaves behind. 

Pine-built houses bears the Atlas 
On his giant shoulders. O^er his 
Head a thousand pennons lusde. 
Floating far upon the breezes, 
Tokens of his majesty. 

And so beareth he his brothers, 
And his treasures, and his children, 
To their primal sire expectant. 
All his bosom throbbing, heaving 
With a wild tumultuous joy. 

Theodore Martin's TranskUioru 
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ADDITIONS. 

The theory of the regelation of ice has led to scientific discusaionf 
between Faraday and Tyndall on the one hand, and James and 
Sir W. Thomson on the other. In the text I have adopted the 
theory of the latter, and must now accordingly defend it. 

Faraday's experiments show that a very slight pressure, not 
more than that produced by the capillarity of the layer of water 
between two pieces of ice, is sufficient to freeze them together. 
James Thomson observed that in Faraday's experiments, pres- 
sure which could freeze them together was not utterly wanting. 
I have satisfied myself by my own experiments that only very 
slight pressure is necessary. It must, however, be remembered, 
that the smaller the pressure the longer will be the time required 
to freeze the two pieces, and that then the junction will be very 
narrow and very fragile. Both these points are readily explicable 
on Thomson's theory. For imder a feeble pressure the difference 
in temperature between ice and water will be very small, and 
the latent heat will only be slowly abstracted from the layers of 
water in contact with the pressed parts of the ice, so that a long 
time is necessary before they freeze. We must further take into 
account that we cannot in general consider that the two surfaces 
are quite in contact ; under a feeble pressure which does not 
appreciably alter their shape, they will only touch in what are 
practically three points. A feeble total pressure on the pieces of 
ice concentrated on such narrow surfaces will always produce a 
tolerably great local pressure under the influence of which some 
ice will melt, and the water thus formed will freeze. But the 
bridge which joins them will never be otherwise than narrow. 

Under stronger pressure, which may more completely alter 
the shape of the pieces of ice, and fit them against each other, 
and which will melt more of the surfaces that are first in con- 
tact, there will be a greater difference between the temperature 
of the ice and water, and the bridges will be more rapidly 
formed, and be of greater extent. 
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In order to show the slow action of tte email difl^reoces irf 
temperature which here come into plaj, I made the following 

experiments. 

A glass flaak with a dra-wn-oiit neck was half filled wilh 
water, which was boiled until all the air in the flaak v 
out. The neck of the flask vnia then hermetically sealed. When 
cooled, the flask was void of air, and the water within it freed 
from the pressure of the atmosphere. As the water thus pre- 
pared can be cooled considerably below 0° C. before the first ie 
is formed, while when ice is in the flaak it freezes at 0° C, the 
flask was in the first instance placed in a freezing mixture until 
the water was changed into ice. It was afterwards permitted to 
melt slowly in a place, the temperature of wliich was + 2° C, 
until the half of it was liqueSed. 

The flask thus half filled with water, having a disc of ice 
swimming upon it, was placed in a mixture of ice and water, 
being quite surrounded by the mixture. After an hour, the 
disc within the flask was frozen to the glass. By aliaking the 
flask the disc was liberated, but it froze again. This occurred 
as oll:en as the shaking was repeated. 

The flask was permitted to remain for eight days in the 
mixture, which wa.s kept througliout at a temperature of 0" C. 
During this time a number of very regular and sharply defined 
ice-crystiils were formed, and augmented very slowly in size. 
This is perhaps the best method of obtaining beautifully formed 
crystals of ice. 

While, therefore, the outer ice which had to support the 
pressure of the atmosphere slowly melted, the water within the 
flask, whose freezing-point, on account of a defect of pressure, 
was O'OOTS" C. higher, deposited crystals of ice. The heat 
abstracted ftom the water in tbis operation had, moreover, to 
pass through the glass of the flask, which, together with the 
small difference of temperature, explains t^ie slowness of the 
freezing process. 

Now as the pressure of one atmosphere on a square milli- 
metre amounts to about ten grammes, a pioce of ice weighing 
ten grammes, which lies upon anotlier and touches it in three 
places, the total surface of which is a square millimetre, will 
produce on these auifaces a pressure of tux atmosphere, Ice will 





ICE ANT) GLACIERS. 149 | 

tlierefore be formed more rapidly in the surroundinR water diaa 
" 1 the (laak, where the side of the glass was interposed 
between the inn and the wator. Even with a much emailer 
eight the same result will follow in the courBe of an hour. 
The broader the bridges become, owing to the freshly formed 
ce, the greater will he the Bur&cuB over which the pressura 
exerted by the «p[jer piece of ice is distributed, and the feebler 
It will become ; so that with such feeble pressure the bridgt 
am only slowly increase, and therefore they will be readily 
broken when we try to separate tie pieces. 

It cannot, moreover, be doubted, that in Faraday'a experi- 
menta, in which two perforated diflos of ice wert 
tact on a horizontal glass rod, so that gravity exerted no pressure, 
capillary attraction is sufficient to produce a pressure of some 
grammes between the plates, and the preceding discussions show 
that such a pressure, if adequate time be given, can form bridges 
between the plates. 

If, on the other hand, two of the above- described cylinders ol 
ice are powerfully pressed together by the hands, they adhere in 
a few minutes so firmly, that they can only be detached by tha 
exertion of a conaiderahle force, for which indeed that of tha 
hands is sometimes inadequate. 

In my experinienta I found th.at the force and rapidity with 
which the pieces of ice united were so entirely proportional to 
the pressure, that I cannot hut ansign this as the actual and 
sufScient cause of their union. 

In Faraday'a explanation, according to which regelntion is dug 
to a contact action of ice and water, I find a theoretical difficulty. 
By the water freezing, a considerable quantity of latent heat 
roust be set free, and it is not clear what becomes of this. 

Finally, if ice in its change into wator passfs through an inter- 
mediate viscous condition, a mixture of ice and water which was 
kept for days at a temperature of 0" must ultimately assume 
tliia condition in its entire mass, provided its temperature was 
unifona throughout ; this however is never the case. 

As regards what is cilled the plasticity of ice, James Thomson 
has given an explanation of it in, which the formation of cracks 
in the interior is not presupposed. No doubt when a mass of ice 
in difierent parts of the interior is exposed to different preaaurti^ 
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a portion of the more powerfully compressed ice will melt ; and 
tlie latent heat necessary for this will be supplied by the ice 
which is less strongly compressed, and by the water in contact 
with it. Thus ice would melt at the compressed places, and water 
would freeze in those which are not pressed : ice would thus be 
gradually transformed and yield to pressure. It is also clear 
that, owing to the very small conductivity for heat which ice 
possesses, a process of this kind must be extremely slow, if the 
compressed and colder layers of ice, as in glaciers, are at con- 
siderable distances from the less compressed ones, and from the 
water which fiirnishes the heat for melting. 

To test this hypothesis, I placed in a cylindrical vessel, between 
two discs of ice of three inches in diameter, a smaller cylindrical 
piece of an inch in diameter. On the uppermost disc I placed a 
wooden disc, and this I loaded with a weight of twenty pounds. 
The section of the narrow piece was thus exposed to a pressure 
of more tJian an atmosphere. The whole vessel was packed 
between pieces of ice, and lefl for five days in a room, the tem- 
perature of which was a few degrees above the freezing-point. 
Under these circumstances the ice in the vessel, which was ex- 
posed to the pressure of the weight, should melt, and it might be 
expected that the narrow cylinder on which the pressure was 
most powerful should have been most melted. Some water was 
indeed formed in the vessel, but mostly at the expense of the 
larger discs at the top and bottom, which being nearest the 
outside mixture of ice and water could acquire heat through the 
sides of the vessel. A small welt, too, of ice, was formed round 
the surface of contact of the narrower with the lower broad 
piece, which showed that the water, which had been formed in 
consequence of the pressure, had again frozen in places in which 
the pressure ceased. Yet under these circumstances there was 
no appreciable alteration in the shape of the middle piece which 
was most compressed. 

This experiment shows, that although changes in the shape of 
the pieces of ice must take place in the course of time in accord- 
ance with J. Thomson's explanation, by which the more strongly 
compressed parts melt, and new ice is formed at the places which 
are freed from pressure, these changes must be extremely slow 
when the thickness of the pieces of ice through which the heat 
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IB conducted is at all considerable. Any marked change in 
Biiape by melting in a medium the temperature of which is 
everywhere 0°, could not occur without access of external heat, 
or from the uncompressed ice and water ; and with the small 
diiFerences in temperature which here come into play, and from 
the badly conducting power of ice, it must be extremely slow. 

That on the other hand, especially in granular ice, the forma- 
tion of cracks, and the displacement of the surfaces of those 
cracks, render such a change of form possible, is shown by the 
above-described experiments on pressure ; and that in glacier 
ice changes of form thus occur, follows from the banded struc- 
ture, and the granular aggregation which is manifest on melting, 
and also from the manner in which the layers change their 
position when moved, and so forth. Hence, I doubt not that 
Tyndall has discovered the essential and principal cause of the 
motion of glaciers, in referring it to the formation of cracks and 
to regelation. 

I would at the same time observe that a quantity of heat, 
which is fer from inconsiderable, must be produced by 
friction in the larger glaciers. It may be easily shown by 
calculation, that when a mass of firn moves from the Col du 
Geant to the source of the Arveyron, the heat due to the mecha- 
nical work would be sufficient to melt a fourteenth part of the 
mass. And as the friction must be greatest in those places that 
are most compressed, it will at any rate be sufficient to remove 
just those parts of the ice which offer most resistance to motion. 

I will add in conclusion, that the above-described granular 
structure of ice is beautifully shown in polarised light. If a 
small clear piece is pressed in the iron mould, so as to form a 
disc of about five inches in thickness, this is sufficiently trans- 
parent for investigation. Viewed in the polarising apparatus, a 
great number of variously coloured small bands and rings are 
seen in the interior ; and by the arrangement of their colours it 
is easy to recognise the limits of the ice-granules, which, heaped 
on one another in irregular order of their optical axes, constitute 
the plate. The appearance is essentially the same when the 
plate h&s just been taken out of the press, and the cracks appear 
in it as whitish lines, as afterwards when these crevices have 
been filled up in consequence of the ice beginning to melt. 
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In order to explain the continued coherence of the piece of 
ice during its change of fomi, it is to be observed that in general 
the cracks in the granular ice are only superficial, and do not 
extend throughout its entire mass. This is directly seen during 
the pressing of the ice. The crevices form and extend in dif- 
ferent directions, like cracks produced by a heated wire in a 
glass tube. Ice possesses a certain degree of elasticity, as may 
be seen in a thin flexible plate. A fissured block of ice of this 
kind will be able to undergo a displacement at the two ndes 
which form the crack, even when these continue to adhere in the 
tuifissured part of the block. If then part of the fissure at first 
formed is closed by regelation, the fissure can extend in the 
opposite direction without the continuity of the block being at 
any time disturbed. It seems to me doubtful, too, whether in 
compressed ice and in glacier ice, which apparently consists of 
interlaced polyhedral granules, these granules, before any at- 
tempt is made to separate them, are completely detached firom 
each other, and are not rather connected by ice bridges which 
readily give way ; and whether these latter do not produce the 
comparatively firm coherence of the apparent heap of granules. 

The properties of ice here described are interesting from a 
physical point of view, for they enable us to follow so closely 
the transition from a crystalline body to a granular one ; and 
they give the causes of the alteration of its properties better 
than in any other well-known example. Most natural substances 
show no regular crystalline structure ; our theoretical ideas refer 
almost exclusively to crystallised and perfectly elastic bodies. 
It is precisely in this relationship that the transition irom fragile 
and elastic crystalline ice into plastic granular ice is bo very 
instructive. 
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IN PKUSSU.. 



A HKW conquest of very general interest has been recently 
made by natural philosophy. In the following pages I 
■will endeavour to give an idea of the natiu-e of this con- 
quest. It has reference to a new and universal natural 
law, which rules the action of natural forces in their 
mutual relations towards each other, and is as influential 
on our theoretic views of natural processes as it is im- 
portant in their technical applications. 

Among the practical arts which owe their progress to 
the development of the natui-al sciences, from the con- 
clusion of the middle ages downwards, practical mechanics, 
aided by the mathematical science which bears the same 
name, was one of the most prominent. The character of 
the art was, at the time referred to, naturally very dif- 
ferent from its present one. Surprised and stimulated by 
its own success, it thought no problem beyond it-s power, 
and inamediately attacked some of the most difficult and 
complicated. Thus it waa attempted to build automaton 
figures which should perform the functions of men and 
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animals. The marvel of the last century was Yaucanson's 
duck, which fed and digested its food ; the flute-player of 
the same artist, which moved all its fingers correctly; the 
writing- boy of the elder, and the pianoforte-player of the 
younger Droz ; which latter, when performing, followed its 
hands with its eyes, and at the conclusion of the piece 
bcwed courteously to the audience. That men like those 
mentioned, whose talent might bear comparison with the 
most inventive heads of the present age, should spend so 
much time in the construction of these figures which we 
at present regard as the merest trifles, would be incom- 
prehensible, if they had not hoped in solemn earnest to 
solve a great problem, /The writing-boy of the elder 
Droz was publicly exhibited in Germany some years ago. 
Its wheelwork is so complicated, that no ordinary head 
would be sufficient to decipher its manner of action. 
When, however, we are informed that this boy and its 
constructor, being suspected of the black art, lay for a 
time in the Spanish Inquisition, and with difficulty ob- 
tained their freedom, we may infer that in those days 
even sucli a toy appeared great enough to excite doubts 
as to its natural origin. And though these artists may 
not have hoped to breathe into the creature of their in- 
genuity a soul gifted with moral completeness, still there 
were many who would be willing to dispense with the 
moral qualities of their servants, if at the same time 
their immoral qualities could also be got rid of; and 
to accept, instead of the mutability of flesh and bones^ ser- 
vices which sliould combine the regularity of a machine 
I with the durability of brass and steel. 
I The object, therefore, which the inventive genius of the 
^)ast century placed before it with the fullest earnestness, 
and not as a piece of amusement merely, was boldly chosen, 
and was followed up with an expenditure of sagacity which 
has contributed not a little to enrich the mechanical 
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experience which a later time knew how to take advan- 
tage of. We no longer seek to build machines which 
shall fulfil the thousand services required of one man, 
but desire, on the contrary, that a machine shall perform 
one service, and shall occupy in doing it the place of a 
thousand men. 

/ From these efforts to imitate living creatui-es, another 
idea, also by a misunderstanding, seems to have developed 
itself, and which, as it were, formed the new philosopher's 
stone of the seventeenth and eighteenth centuries. It 
was now the endeavour to construct a perpetual motion. 
Under this term was understood a machine, which, 
without being wound up, without consuming in the 
working of it falling water, wind, or any other natural 
force, should still continue in motion, the motive power 
being perpetually supplied by the machine itself. Beasts 
and human beings seemed to correspond to the idea of 
such an apparatus, for they moved themselves ener- 
getically and incessantly as long as they lived, and 
were never wound up ; nobody set them in motion. A 
connexion between the supply of nourishment and the 
development of force did not make itself apparent. The 
nourishment seemed only necessary to grease, as it 
were, the wheelwork of the animal machine, to replace 
what was used up, and to renew the old. The develop- 
ment of force out of itself seemed to be the essential 
peculiarity, the real quintessence of organic life. If, 
therefore, men were to be constructed, a perpetual motion 
must first be found. 

Another hope also seemed to take up incidentally the 
second place, which in our wiser age would certainly have 
claimed the first rank in the thoughts of men. The per- 
petual motion was to produce work inexhaustibly without 
corresponding consumption, that is to say, out of nothing. 
Work, however, is money. Here, therefore, the great 
8 
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practical problem which the cunmog heads of all wn- 
turiea have followed in the most diverse wajs, namely, to 
fabricate money out of nothing, invit«d solution. The 
Bimilarity with the philosopher's stone sought "by the 
ancient chemists was complete. That also was thought 
to coatain the qiiintesEence of organic life, and t« be 
capable of producing gold. 

The spur which drove men to inquiry was sharp, and 
the talent of some of the seekers must not be estimated 
as small. The nature of the problem was quite calcu- 
lated to entice poring brains, to lead them round a circle 
for years, deceiving ever with new expectations which 
vanished upon nearer approach, and finally reducing these 
dupes of hope to open insanity. The phantom could not 
be grasped. It would be impossible to give a history of 
these efforts, as the clearer heads, among whom the elder 
Droz must be ranked, convinced themselves of the futility 
of their esperiments, and were naturally not inclined to 
speak much about them. Bewildered intellects, however, 
proclaimed often enough that they had discovered the 
grand secret ; and as the incorrectness of their proceed- 
ings was always speedily manifest, the matter fell into bad 
reputcj and the opinion strengthened itself more and 
more that the problem was not capable of solution ; one 
difficulty after another was brought under the dominion 
of mathematical mechanics, and finally a point was 
reached where it could be proved, that at least by the use 
of pure mechanical forces no perpetual motion could be 
generated. 

We have here arrived at the idea of the driving force 
or power of a machine, and shall have much to do with it 
in future. I must therefore give an explanation of it. 
The idea of work is evidently transferred to machines by 
comparing their performances with those of men and 
animals, to replace which they were applied. We still 
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ton the work of steam-engines accordiDg to horee- 
The value of manual labour is determined partly 
me force which is expended in it (a strong labourer is 
L more highly than a weak one), partly, however, 
e skill which is brought into action. Skilled work- 
Pare not to be had in any quantity at a moment's 
; they must have both talent and instruction, their 
sation requires both time and trouble. A machine, 
% the contrary, which executes work skilfully, can always 
B multiplied to any extent ; hence its skill hae not the 
I iagh value of human skill in domains where the latter 
I cannot be supplied by machines. Thus the idea of the 
I quantity of work in the case of machines has been limited 
to the consideration of the expenditure of force ; this wag ' 
the more Importantj as indeed most machines are coiw 
struct^d for the expresspurposeof exceeding, by the mag- 
nitude of their effects, the powers of men and anJmala. 
Hence, in a mechanical sense, the idea of work has become 
identical with that of the expenditure of force, and in 
tiiia way I will apply it in the following pages. 

How, then, can we measure this expenditure, and com- 
pare it in the case of different machines ? 

I must here conduct you a portion of the way — aa 
short a portion as possible — over the uninviting field of 
matbematico-mechanical ideas, in order to hring you to 
a point of view from which a more rewarding prospect 
will open. And though the example which I will here 
choose, namely, that of a water-mill with iron hammer, 
appears to be tolerably romantic, still, alas 1 I must leavo 
the dark forest valley, the foaming brook, the spark- 
emitting anvil, and the black Cyclops wholly out of sight, 
and heg a moment's attention for the less poetic side of 
the question, namely, the machinery. This is driven by a 
water-wbeel, which in its turn is set in motion by the 
falling water. The axle of the water-wheel has at certain 
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places small projecfcionB, thumbs, which, during tLe rota- 
tion, lift the heavy hammer and permit it to fall again. 
The falling hammer belabours the mass of metal, which 
is introduced beneath it. The work therefore done by 
the machine consists, in this case, in the lifting of tha 
■mmmer, to do which the gravity of the latter must be 
overcome. The expenditure of force will in the first 
place, other circumstances being equal, be proportional 
to the weight of the hammer ; it will, for example, bfl 
double when the weight of the hammer is doubled. But 
the action of the hammer depends not upon its weigbt 
alone, but also upon the height from which it falls. If 
it falls through two feet, it will produce a greater effect 
than if it falls through only one foot. It is, however, 
clear that if the machine, with a certain expenditure of 
force, lifts the hammer a foot in height, the same amount 
of force must be expended to raise it a second foot in 
height. The work is therefore not only doubled when 
the weight of the hammer is increased twofold, but also 
when the space through which it falls is doubled. From 
this it is eaay to see that the work must be measured by 
the product of the weight into the space through which 
it ascends. And in this way, indeed, we measure in 
mechanics. The unit of work is a foot-pound, that is, a 
poimd weight raised to the height of one foot. — -" 

While the work in this caae consists in the raising of 
the heavy hammer-head, the driving force which sets the 
latter in motion is generated by falling water. It is not 
necessary that the water should fall vertically, it can also 
flow in a moderately inclined bed ; but it must always, 
where it has water-mills to set in motion, move from a 
higher to a lower position. Experiment and theory 
concur in teaching, that when a hammer of a himdred- 
weight is to be raised one foot, to accomplish this at 
least a hundredweight of water must fall through the 
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space of one foot ; or what is equivalent to this, two 
hundredweight must fall half a foot, or four hundred- 
weight a quarter of a foot, &c. In short, if we multiply 
the weight of the falling water by the height through 
which it falls, and regard, as before, the product as the 
measure of the work, then the work performed by the 
machine in raising the hammer can, in the most favour- 
able case, be only equal to the number of foot-poimds of 
water which have fallen in the same time. In practice, 
indeed, this ratio is by no means attained : a great portion 
of the work of the falling water escapes imused, inasmuch 
as part of the force is willingly sacrificed for the sake of 
obtaining greater speed. 
Y I will further remark, that this relation remains un- 
changed whether the hammer is driven immediately by 
the axle of the wheel, or whether — ^by the intervention 
of wheelwork, endless screws, pulleys, ropes — the motion 
is transferred to the hammer. We may, indeed, by such 
arrangements succeed in raising a hammer of ten hun- 
dredweight, when by the first simple arrangement the 
elevation of a hammer of one hundredweight might alone 
be possible ; but either this heavier hammer is raised to 
only one-tenth of the height, or tenfold the time is 
required to raise it to the same height ; so that, however 
we may alter, by the interposition of machinery, the 
intensity of the acting force, still in a certain time, 
during which the mill-stream furnishes us with a definite 
quantity of water, a certain definite quantity of work, and 
no more, can be performed. 

Our inachinery, therefore, has in the first place done 
nothing more than make use of the gravity of the falling 
water in order to overpower the gravity of the hammer, 
and to raise the latter. When it has lifted the hammer 
to the necessary height, it again liberates it, and the 
hammer falls upon the metal mass which is pushed 
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beneath it. But why does the falling hammer here eiet- 
cise a greater force than when it is permitted simply to 
preea with its own weight on the mass of metal ? Why is 
ite power greater as the height from which it falls is 
increased, and the greater therefore the velocity of its 
fall ? Wo find, in fact, that the work performed by the 
Ijammer is determined by its velocity. In other cassa, 
also, the velocity of moving masses is a means of pro- 
ducing great effects. I only remind you of the destruc- 
tive effects of musket-bullets, which in a state of rest are 
the most harmless things in the world. I remind you of 
the windmill, which derives its force from the moving 
air. It may appear surprising that motion, which we are 
accustomed to regai'd aa a non-essential and transitory 
endowment of bodies, can produce such great effects. 
But the fact is, that motion appears to us, under ordinary 
circumstances, transitory, because the movement of all 
terrestrial bodies ia resisted perpetually by other forces, 
friction, resistance of the air, &c., so that the motion is 
incessantly weakened and finally arrested. A body, how- 
ever, which is opposed by no resisting force, when once 
set in motion moves onward eteraally with undiminished 
velocity. Thus we know that the planetary bodies have 
moved without change tlirough space for thousands of 
years. Only by resisting forces can motion be diminished 
or destroyed. A moving body, such as the hammer or the 
musket-ball, when it strikes against another, presses 
the latter together, or penetrates it, until the sum of the 
resisting forces presented by the body struck to pres- 
sure, or to the separation of its particles, is sufficiently 
great; to destroy the motion of the hammer or of the 
bullet. The motion of a mass regarded as taking the 
place of working force is called the living force {vie 
viva) of the mass. The word 'living' has of course here 
no reference whatever to living beings, but is intended to 
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Tepreeent solely the force of the motion as diat in (fished 
from the state of unchanged rest — from the gravity of a 
motionless body, for example, whit-h produces an tocessant 
pressure against the surface which supporta it, but does 
not produce any motion. 

In the case before us, therefore, we had first power io 
(he form of a falling mass of water, then in the form of 
a lifted hammer, and thirdly in the form of the living 
force of the falling hammer. We should transform tlie 
third form into the seooad, if we, for example, permitted 
the hammer to full upon a highly elastic steel beam 
strong enough to resist the shock. The hammer would 
rebound, and in the moat favourable case would reach a 
height equal to that from which it fell, but would never 
rise higher. In this way its mass wouJd ascend; and at 
the moment when its highest point lias been attained it 
would represent the same number of raised foot-pounda 
as before it fell, never a greater number ; that is to say, 
living. force can generate the same amount of work as 
that expended in its production. It is therefore equiva- 
lent to this quantity of work. 

Our clocks are driven by means of sinking weights, 
and our watches by means of the tension of springs. A 
weight which lies on the ground, an elastic spring which 
is without tension, can produce no effects : to obtain such 
we must first raise the weight or impart tension to the 
epring, which is accomplished when we wind up our 
clocks and watches. The man who winds the clock or 
watch communicates to the weight or to the spring a 
certain amount of power, and exactly so much as is thus 
communicated is gradually given out again during the 
following twenty-four hours, the original force being thus 
slowly consumed to overcome the friction of the wheels 
and the resistance which the pendulum encounters from 
the air. The wheelwork of the clock therefore developea 
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no working force, which was not previously communicated 
to it, but Bimply distributes the force given to it uniformly 
over a longer time. 

Into tUe chamber of an air-gun we squeeze, by meani 
of a condensing air-pump, a great quantity of air. When 
we afterwards open the cock of the gun and admit the 
compressed air into the barrel, the ball is driven out of 
the latter with a force eimilar to that exerted by ignit«d 
powder. Now we may determine the work consumed in 
the pumping-in of the air, and the living force which, 
upon firing, is communicated to the ball, but we shall 
never find the latter greater than the former. The com- 
pressed air has generated no working force, but simply 
gives to the bullet that which has been previously com- 
municated to it. And while we have pumped for perhap 
a quarter of an hour to charge the gun, the force is ex- 
pended in a few seconds when the bullet is discharged; 
but because the action is compressed into so short a time, 
a much greater velocity is imparted to the ball than 
would be possible to communicate to it by the unaided 
effort of the arm in throwing it. 

From these examples you observe, and the mathe- 
matical theory has corroborated this for all purely 
mechanical, that is to say, for moving forces, that all our 
machinery and apparatus generate no force, but simply 
yield up tho power communicated to them by natural 
forces, — falling water, moving wind, or by the muscles of 
men and animals. After this law had been established 
by the great mathematicians of the last century, a per- 
petual motion, which should make use solely of pure 
mechanical forces, such as gravity, elasticity, pressure of 
liquids and gases, could only be sought after by be- 
wildered and ill-instructed people. But there are still 
other natural forces which are not reckoned among the 
purely moving forces, — heat, electricity, magnetism, ligl 
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forces, all of which nevertfaeleBfl stand in mani- 
ition to mechanical proceases. There is hardly a 
process to be found wliich la not accompanied by 
nechanical actions, or from which mechanical work may 
not be derived. Here the question of a peqietual motion 
remained open ; the decision of this question marks the 
progress of modern physics, regarding which I promised 
lo address you. 

In the case of the air-gun, the work to be accomplished 
ill the propuision of the hall was given by the arm of the 
iQsii who pumped in the air. In ordinary firearms, the 
Condensed mass of air which propels the bullet is obtained 
I'n a totally different manner, namely, by the combustion 
of the powder. Gunpowder is transformed by combustion 
for the most part into gaseous products, which endeavour 
to occupy a much greater space than that previously 
taken up by the volume of the powder. Thus you see 
that, by the use of gunpowder, the work which the hiiman 
arm must accomplish in the case of the air-gun is spared. 
In the mightiest of our machines, the steam-engine, it 
is a strongly compressed aeriform body, water vapour, 
which, by its effort to expand, sets the machine in motion. 
Here also we do not condense the steam by means of an 
external mechanical force, but by communicating heat to 
a. mass of water in a closed boiler, we change this water 
into steam, which, in consequence of the limits of the 
space, is developed under strong pressure. In this case, 
therefore, it is the heat communicated which generates 
the mechanical force. The heat thus necessary for tha 
machine we might obtain in many ways : the ordinaiy 
method is to procure it from the combustion of coal. 

Combustion is a chemical process. A particular con- 
stituent of our atmosphere, oxygen, possesses a strong 
force of attraction, or, aa is said in chemistry, a strong 
affinity for the constituents of the combustible body, 
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which aEBnity, however, in most cases can only 
itaelf at high temperaturea. Aa soon as a portion of 
combustible body, for example the coal, is sufScieni 
heated, the carbon unites itself with great violence to 
the oxygen of the atmospLere and forms a peculiar gas, 
carbonic acid, the same that we see foaming from beer 
and champagne. By this combination light and beat are 
generated ; heat is generally developed by auy combine 
tion of two bodies of strong affinity for each other ; and 
when the heat is intense enough, light appears. Hence 
in the steam-engine it is chemical processes and chemical 
forces which produce the astonishing work of these 
machines. In like manner the combustion of gunpowder 
is a chemical process, which in the barrel of the gun 
communicates living force to the bullet. 

Wliile now the steam-engine developes for ns mechanic^ 
work out of heat, we can conversely generate heat by me- 
chanical forces. Each impact, each act of friction does it. 
A skilful blacksnaitb can render an iron wedge red-hot by 
hammering. The axles of our carriages must be protected 
by careful greasing from ignition through friction. Even 
lately this property has been applied on a large scale. In 
some factories, where a surplus of water power is at hand, 
this surplus is applied to cause a strong iron plate to rotate 
rapidly upon another, so that they become strongly heated 
by the friction. The heat so obtained warms the room, and 
thus a stove without fuel is provided. Now could not 
the heat generated by the plates be applied to a small 
steam-engine, which in its turn should be able to keep 
the rubbing plates in motion? The perpetual motion 
would thus be at length found. This question might be 
n..-ked, and could not be decided by the older mathematico- 
mechanical investigations. I will remark beforehand, 
that the general law which I will lay before you anawera 
the question in the negative. 
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By a siinilar plan, however, a speculative American 
Kme time ago the industrial world of Europe in esciti— 
ment. The magneto-electric machines often m.ide use nf 
in the case of rheumatic disordera are veil known to th« 
puhlic. By imparting a swift rotation to the magnet oi 
Buch a machine we obtain powerful currenta of electricity, 
If those be conducted through water, the latter will be 
resolved into its two componente, oxygen and hydrogen. 
By the combustion of hydrogen, water is again generated. 
If this combustion takes place, not in atmospheric air, of 
wtdch oxygen only constitutes a fifth part, but in pure 
oiygen, and if a bit of chalk be placed in the Same, the 
ehalk will be raised to its white beat, and give us the 
Bun-Uke Drummond's light. At the same time the flame 
developes a considerable quantity of he-at. Our .\merican 
proposed to utilise in this way the gases obtained from 
electrolytic decomposition, and asserted, that by the com- 
bustion a sufficient amomit of heat was generated to keep 
a Bmall steam-engine in action, which again drove his 
magneto-electric machine, decomposed the water, and 
thus continually prepared its own fueL This would cer- 
tainly have been the most Fplendid of all discoveries ; 
perpetual motion which, besides the force that kept 
going, generated light like the sun, and warmed all around 
it. The matter was by no means badly thought out. Each 
practical step in the affair was known to bo possible ; but 
those who at that time were acquainted with the phy- 
sical investigations which bear upon this subject, could 
Lave affirmed, on first hearing the report, that the matter 
was to be numbered among the numerous stories of the 
fable-rich America ; and indeed a fable it remained^—- 

It is not necessary to multiply examples further. Yoa 
will infer from those given in what immediate connection 
heat, electricity, magnetism, light, and chemical affinity, 
i with mechanical forces. 
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Starting from each of these different manifeBtations of 
natural forces, we can eet every other in motion, for the 
moBt part not in one way merely, but in many ways. It 
IB here as with the weaver's web, — 

Wliere a step stirs n thousand threads, ^^ 

The ehuttlea shoot from aide to side, ^H 

The fibres flow unaeeit, ^H 

And one shock strikes a thousand combinatioua. ^^t 

f. Now it is clear that if by any means we could micceed, 
as the above American professed to have done, by me- 
chanical forces, in exciting chemical, electrical, or other 
natural processeH, which, by any circuit whatever, and 
without altering permanently the active masses in the 
machine, could produce mechanical force in greater quan- 
tity than tliat at first applied, a portion of the work thus 
gained might be made tise of to keep the machine in 
motion, while the rest of the work might be applied to 
any other purpose whatever. The problem was to find, 
in the complicated net of reciprocal actions, a track 
through chemical, electrical, magnetical, and thermic 
processes, back to mechanical actions, which might be 
followed with a final gain of mechanical work : thus would 
the perpetual motion he found. 
^A But, warned by the futility of former experiments, the 
' v public had become wiser. On the wliole, people did not 
seek much after combinations which promised to furnish 
a perpetual motion, but the question was inverted. It 
was no more asked. How can I make use of the known 
and unknown relations of natural forces so as to construct 
a perpetual motion? but it was asked, If a perpetual 
motion be impossible, what are the relations which must 
subsist between natural forces ? Everything was gained 
by this inversion of the question. The relations of natural 
forces rendered necessary by the above assumption, might 
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' lie easily and completely stated. It waa found that all 
known relations of forces barm onise with the consequeocei 

of that assumption, and a series of unknown i elntions were 
discovered at the same time, the coirectnesa of which re- 
mained to be proved. If a single one of them could be 
proved false, then a perpetual motion would be possible 

The first who endeavoured to travel this way wus • 
Frenchman named Camot, in the year 1824. In spile of 
atoo limited conception of his subject, and an incorrect 
view aa to the nature of heat, which led him to some er- 
roneous conclusiona, his experiment was not quite unsuc- 
cesBful. He discovered a law which now beard hia name, 
and to which I will return further on. 

His labours remained for a long time without notice, 
Md it was not till eighteen years afterwards, that is in 
!Si2, that different investigators in different countries, 
Sid independent of Camot, laid hold of the same thought. 
The first who saw truly the general law here referred to, 
and expressed it correctly, waa a German physician, J. R. 
Jlayer of Heilbronn, in the year 1842. A little later, in 
1843, a Dane named Colding presented a memoir to the 
Academy of Copenhagen, in which the same law found 
Utterance, and some experiments were described for its 
further corroboration. In England, Joule began about 
the same time to make experiments having reference to 
the same subject. We often find, in the case of questions 
to the solution of which the development of science 
points, that several heads, quite independent of each 
other, generate exactly the sanae series of reflections. 

I myself, without being acquainted with either Mayer 
or Colding, and having firet made the acquaintance of 
Joule's experiments at the end of my investigation, fol- 
lowed the same path. I endeavoured to ascertain all the 
relations between the different natural processes, which 
Ibllowed from our regarding them from the above point of 
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Starting; from each of tJiese different manifestations of ■ 
Datural forces, we cao set every other in motion, for the 
moat part not in one way merely, but in many ways, 
is here as with the weaver's web, — 
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Where a step stirs a, thousand threads, 

The shuCtlea shoot from side to side, 

The fibres Jiow unseen, 

And one shock strilcea a. thousand combinaCionB, 



f.. Now it is clear that if by any means we could sue 
Bs the above American professed to hare done, by 
chanical forces, in exciting chemical, electrical, or other- 
natural processes, which, by any circuit whatever, and 
without altering permanently the active masses in the 
machine, could produce mechanical force in greater quan- 
tity than that at first applied, a portion of the work thus 
gained might be made use of to keep the machine in 
motion, while the rest of the work might be applied to 
any other purpose whatever. The problem was to find, 
in the complicated net of reciprocal actions, a track 
through chemical, electrical, magnetical, and thermic 
processes, back to mechanical actions, which might be 
followed with a final gain of mechanical work ; thus would 
the perpetual motion be found. 
^A^ But, warned by the futility of former experiments, the 
N public had become wiser. On the whole, people did not 
seek much after combinations which promised to furnish 
a perpetual motion, but tie question was inverted. It 
was no more asked, How can I make use of the known 
and unknown relations of natural forces so as to construct 
a perpetual motion? but it waa asked, If a perpetual 
motion be impossible, what are the relations which must 
subsist between natural forces ? Everything was gained 
by this inversion of the question. The relations of natural 
forces rendered necessary by the above assumption, mig| 
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lie eaaily and completely stated. It woa foiiDd thai all 
known relations of forces hanDonise with tho conB«nipnc*< 
of that aBsamptioD, and a series of nnknown u^Iut ioiu won 
discovered at the same time, the corrwitnr-BS of which ro- 1 
maiiied to be proved. If a single one of tbein could W I 
proved false, then a perpetual motion would be poaaible. I 
The first who endeavoured to travel this way was a I 
Frenciunan named Camof, in the year 1824. In spite of I 
a too limited conception of Lis subject, and an incorrect ] 
view as to the nature of beat, which led him to some er- 
roneouE conclusions, bis experiment was not quite unsuo* 
ceseful. He discovered a law which now bears his name, 
md to which I will return further on. '^ 

Hia labours remained for a long time without notice, 
Md it was not till eighteen years afterwards, that is in 
3842, that different investigators in different countries, 
and independent of Camot, laid bold of the same thought. 
The fiist who saw truly the general law here referred to, 
Md expressed it correctly, was a German physician, J. R. 
%er of Heilbronu, in the year 1842. A little later, in 
1843, a Dane named Colding presented a memoir to the 
icademy of Copenhagen, in which the same law found 
iitterance, and some experiments were described for ita 
•wther corroboration. In England, Joule began about 
file same time to make experiments having reference to 
the same subject. We often find, in the case of questions 
to the solution of which the development of science 
points, that several beads, quite independent of each 
other, generate exactly the same series of reflections. 

I myself, without being acquainted with either Mayer 
or Colding, and having first made the acquaintance of 
Joule's experiments at the end of my investigation, fol- I 
lowed the same path. I endeavoured to ascertain all the 
relations between the different natural processes, which , 
£^sed from our regarding them &om the above point of 
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Starting from eacli of these different manifeBtatioiis of ■ 
natural forces, we can set every other in motion, for tiie 
moat part not in one way merely, but in many waya. 
ifl here as with the weaver's web, — 

Wliere a step stira n thousand threads, 

The ehuttleB shoot li-oiii side to side, 

The fibrea flow unseen, 

And one shock strikes a thousand combinations 

f< Now it ia clear that if by any meana we could succeed, 
as the above American professed to have done, by me- 
chanical forces, in exciting chemical, electrical, or other 
natural processes, which, by any circuit whatever, and. 
without altering permanently the active masses in the 
machine, could produce mechanical force in greater quan- 
tity than that at first applied, a portion of the work thus 
gained might be made use of to keep the machine in 
motion, while the rest of the work might be applied to 
any other purpose whatever. The problem was to find, 
in the complicated net of reciprocal actions, a track 
through chemical, electrical, magnetical, and thermic 
processes, back to mechanical actions, which might he 
followed with a final gain of mechanical work : thus would 
the perpetual motion he found. 
^*. But, warned by the futility of former esperiments, the 
' N public had become wiser. On the whole, people did not 
seek much after combinations which promised to furnish 
a perpetual motion, but the question was inverted. It 
was no more asked, How can I make use of the known 
and unknown relations of natural forces so as to construct 
a perpetual motion ? but it was asked. If a perpetual 
motion be impossible, what are the relations which must 
fluhsist between natural forces ? Everything was gained 
by this inversion of the question. The relations of natural 
forces rendered necessary by the above assumption, mij 
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be easily aod completeljr stated. It vss found that all' 

known relations of forces harmonise with thi? connftjin 
of that assumption, and a series of unknown i elations Wf r* 
diacovered at the same time, the corrt-ctneas of which re- 
mained to be proved. If a single one of t>icm couid b* 
proved false, then a perpetual motion would be pOMsibU'. 
The first who endeavoured to travel this way wiis i 
Frenchman named Camot, in the year 1824. In spile of 
a too limited conception of his subject, and an incorrect 
view as to the nature of heat, which led him to some er- 
rODeous conclusions, bis experiment was not quite unsuo* 
ceasfol. He discovered a law which now bears his lu 
and to which I will return further on. 

His labours remained for a long time without notice, 
snd it was not till eighteen jears afterwards, that is in 
!8i2, that different investigators in different countries, 
and independent of Camot, lai d hold of the same thought. 
The first who saw truly the general law here referred to, 
and expressed it correctly, was a German physician, J. E. 
Mayer of Heilbronn, in the year 1842. A little later, in 
1843, a Dane named Colding presented a memoir to the 
Academy of Copenhagen, in which the same law found 
uttemnce, and some experiments were described for its 
further corroboration. In England, Joule began about 
toe same tame to make experiments having reference to 
tie same subject. We often find, in the case of questions 
to the solution of which the development of science 
points, that several heads, quite independent of each 
other, generate exactly the same series of reflections. 

I myself, without being acquainted with either Mayer 
or Colding, and having first made the acquaintance of 
Joule's experiments at the en.d of my investigation, fol- 
lowed the same path, I endeavoured to ascertain all the 
relations between the different natural processes, which 
followed from our regarding them from the above point of 
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Starting from each of these different manifestations of 
Datural forces, we can set every other in motion, for tlie 
most part not in one way merely, but in many ways. It 
is here as with the weaver's web, — 

Where a step stirs a tliouaand threads, 

The shuttles shoot from side to side, ^| 

The fibres flow unseen, H 

And one ehock strikes a thousand combinatioiiB. ^M 

f. Now it is clear that if by any means we could Bucceed, 
aa the above American professed to have done, by me- 
chanical forces, in exciting chemical, electrical, or other 
natural processes, which, by any circuit whatever, and 
without altering permanently the active masses in the 
machine, could produce mechanical force in greater quan- 
tity than that at iirst applied, a portion of the work thus 
gained might be made use of to keep the machine in 
motion, while the rest of the work might be applied to 
any other purpose whatever. The problem was to find, 
in the complicated net of reciprocal actions, a track 
through chemical, electrical, magnetical, and thermic 
processes, back to mechanical actions, which might be 
followed with a final gain of mechanical work : thus would 
the perpetual motion be found. 
^A But, warned by the futility of former experiments, the 
' N. public had become wiser. On the whole, people did not 
seek much after combinations which promised to furnish 
a perpetual motion, but the question was inverted. It 
was no more asked. How can I make use of the known 
and unknown relations of natural forces so as to construct 
a perpetual motion? but it was asked. If a perpetual 
motion be impossible, what are the relations which must 
subsist between natural forces ? Everything was gained 
by this inversion of the question. The relations of natural 
forces rendered necessary by the above assumption, might 
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Ite easily and completely stated. It was found that all 

known relations of forces hannonise with the consequence* 
of that assumption, and a aeries of unknown lelations were 
discovered at the same time, the correctness of which re- 
mained to be proved. If a single one of them could be 
proved false, then a perpetual motion would be possible. 

The first who endeavoured to travel this way was ft 
Frenchman named Camot, in the year 1824. In spite of 
a too limited conception of hia aulyect, and an incorrect 
view as to the nature of heat, which led him to some er- 
roneous conclusions, his experiment was not quite unsuo* 
Mssfiil. He discovered a law which now bears his name, 
and to which I will return further on. 

Hia labours remained for a long time without notice, 
snd it was not till eighteen years afterwards, that is in 
1842, that different investigators in different countries, 
aod independent of Camot, laid hold of the same thought. 
The first who saw truly the general law here referred to, 
SHd expressed it correctly, was a German physician, J. B, 
Mayer of Heilbronu, in the year 1842. A little later, in 
1843, a Dane named Colding presented a memoir to the 
Academy of Copenhagen, in "which the same law found 
Utterance, and some experiments were described for its 
further corroboration. In England, Joule began about 
the same time to make experiments having reference to 
the same subject. We often find, in the case of questions 
to the solutioQ of which the development of science 
points, that several heads, quite independent of each 
other, generate exactly the same aeries of reflections. 

I myself, without being acquainted with either Mayer 
or Colding, and having first made the acquaintance of 
Joule's experiments at the end of my investigation, fol- 
lowed the same path. I endeavoured to ascertain all the 
relations between the different natural processes, which 
followed from our regarding them from the above point of 
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Starting from each of these different manifeatations of 
natural forces, we can set every other in motion, for tlie 
most part not in one way merely, but in many ways. It 
is here aa with the weaver's web, — 

Where a step stirs & thousand threads, 

The uhuttles shoot Jrom side to side, ^H 

The fibres How unseen, ^M 

And one shock strikes a thousand combinations. ^H 

/. Now it is clear that if by any means we could succeed, 
BH the above American professed to have done, by m&- 
chanical forces, in exciting chemical, electrical, or other 
natural processes, which, by any circuit whatever, and 
without altering permanently the active masses in the 
machine, could produce mechanical forco in greater quan- 
tity than that at first applied, a portion of the work thus 
gained might be made use of to keep the machine in 
motion, while the rest of the work might be applied to 
any other purpose whatever. The problem was to find, 
in the complicated net of reciprocal actions, a track 
through chemical, electrical, magnetica!, and thermic 
processes, back to mechanical actions, which might be 
followed with a final gain of mechanical work : thus would 
the perpetual motion be found. 
^.^ But, warned by the futility of former experiments, the 
' N public had become wiser. On the whole, people did not 
seek much after combinations which promised to furnish 
a perpetual motion, but the question was inverted. It 
was no more asked, How can I make use of the known 
and tmknown relations of natural forces so as to construct 
a perpetual motion ? but it was asked, If a perpetual 
motion be impossible, what are the relations which must 
subsist between natural forces ? Everything was gained 
by this inversion of the question. The relations of natural 
forces rendered necessary by the above assumption, mi^ 
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tie easily and completely stated. It was found that all 
known relations of forces harmonise with the consetiuencfll 
of that assumption, and a series of unknown ictations wer« 
discovered at the same time, the correctness of which re- 
mained to be proved. If a single one of them could bs 
proved false, then a perpetual motion would be poasible. 

The first who endeavoured to travel this way was a 
Frenchman named Camot, in the year 1824. In spile of 
a too limited conception of lis subject, and an incorrect 
view as to the nature of heat, which led him to some er- 
roneous conclusions, his experiment was not quite unsuo* 
ceasfiil. He discovered a law which now bears his name^ 
and to which I will return fuither on. "^ 

His labours remained for a long time without notice, 
Md it was not till eighteen years afterwards, that is in 
1842, that different investigators in different countries, 
aod independent of Camot, laid hold of the same thought. 
The first who saw truly the general law here referred to, 
and expressed it correctly, was a Grerman physician, J. R. 
Mayer of Heilhroim, in the year 1842. A little later, in 
J843, a Dane named Colding presented a memoir to the 
Academy of Copenhagen, in which the same law found 
Utterance, and some experiments were described for its 
further corroboration. In England, Joule began about 
the same time to make experiments having reference to^ 
the same subject. We often find, in the case of questioia 
to the solution of which the development of science 
points, that several heads, quite independent of each 
other, generate exactly the same series of reflections. 

I myself, without being acquainted with either Mayer 
or Colding, and having first made the acquaintance of 
Joule's experiments at the end of my investigation, fol- 
lowed the same path. I endaavoured to ascertain all the 
relations between the different natural processes, which 
followed from our regarding them from the above point of 
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Starting from each of these different manifcatations of 
natural forces, we can set every other in motion, for the 
most part not in one way merely, hut in many ways. It 
is here aa vrith the weaver's web, — 

Where a step atira a thousand threads, 

The shutUea B)ioot from side to aide, ^H 

The fibres ilow UDseeD, ^M 

And one shock strikes a thousaiid combiaatioDB. ^^U 

f. Now it is clear that if by any means we could succeed, 
as the above American professed to have done, by me- 
chanical forces, in exciting chemical, electrical, or other 
natural processes, which, by any circuit whatever, and 
without altering permanently the active masses in the 
machine, could produce mechanical force in greater quan- 
tity than that at first applied, a portion of tlie work thus 
gained might be made use of to keep the machine in 
motion, while the rest of the work might be applied to 
any other purpose whatever. The problem was to find, 
in the complicated net of reciprocal actions, a track 
through chemical, electrical, magnetical, and thermic 
processes, back to mechanical actions, which might be 
followed with a final gain of mechanical work : thus would 
the perpetual motion be found. 
^A^ But, warned by the futility of former experiments, the 
' N pubbc had become wiser. On the whole, people did not 
seek much after combinations which promised to furnish 
a perpetual motion, but the question was inverted. It 
was no more asked, How can I make use of the known 
and unknown relations of natural forces so as to construct 
a perpetual motion? but it was asked, If a perpetual 
motion be impossible, what are the relations which must 
suhsiat between natural forces ? Everything was gained 
by this inversion of the question. The relations of natural 
forces rendered necessary by the above assumption, might 
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be easily and completely stated. It was found that i 
known relatioca of torces harmonise with the conaequi 
of that assumption, and a series of unknown jelations were 
discovered at the same timej the correctness of which re- 
mained to be proved. If a eingle one of them could bo 
proved false, then a perpetual motion would be possible. 

The first who endeavoured to travel this way was % 
Frenchman named Camot, in the year 1 824. In spite at 
a too limited conception of hia subject, and an incorrect 
view as to the nature of heat^ which led him to & 
roneous conclusions, hia expeiiment was not quite unauo* 
Mssfid. He discovered a law which now bears his name^ 
sad to which I will return further on, 

Hia labours remained for a long time without notice, 

and it was not till eighteen years afterwards, that i 

1842, that different investigators in different eountriea, 

3Ed independent of Carnot, laid hold of the same thouj-ht, 

Tiie first who saw truly the general law here referred to, 

and expressed it correctly, was a German physician, J. R. 

Mayer of Heilbronn, in the year 1842. A little later 

1843, a Dane named Colding presented a memoir to the 

Academy of Copenhagen, in which the same law found 

Utterance, and some experiments were described for its 

further corroboration. In England, Joule began about 

the same time to make osperiments having reference to 

the same subject. We often find, in the case of questioiu 

to the solution of which the development of scienco i 

points, that several heads, quite independent of each ( 

other, generate exactly the same series of reflections, 

I myself, without being acquainted with either Mayer | 
or Colding, and having first made the acquaintance of | 
Joule's experiments at the end of my investigation, fol- f 
lowed the same path. I endeavoured to ascertain all the. | 
relations between the different natural processes, which i 
followed from our regarding them from the above point of ] 
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Startiog from each of these different manifestations of 
natural forces, we can set every other in motion, for tlie 
most part not in one way merely, but in many ways. It 
is here as with the weaver's web, — 

Where a step stira a tliousand threads, 

The «huCtlea shoot from side to aide, ^H 

The fibres J)ow unseen, ^| 

And one shock strikes a thousand combinutioDB. ^| 

f. Now it is clear that if by any means we could succeed, 
aa the above American professed to have done, by me- 
chanical forces, in exciting chemical, electrical, or other 
natural processes, which, "by any circuit whatever, and 
without altering permanently the active masses in the 
machine, could produce mechanical force in greater quan- 
tity than that at first applied, a portion of the work thus 
gained might be made uae of to keep the machine in 
motion, while the rest of the work might be applied to 
any other purpose whatever. The problem was to find, 
in the complicated net of reciprocal actions, a track 
through chemical, electrical, magnetical, and thermic 
processes, back to mechanical actions, which might be 
followed with a final gain of mechanical work : thus would 
the perpetual motion be found. 
^A\ But, warned by the futility of former experiments, the 
' 'V public had become wiser. On the whole, people did not 
seek much after combinations which promised to furnish 
a perpetual motion, but the question was inverted. It 
was no more asked. How can I make use of the known 
and unknown relations of natural forces so as to construct 
a. perpetual motion? but it was asked. If a perpetual 
motion be impossible, what are the relations which must 
subsist between natural forces ? Everything was gained 
by this inversion of the question. The relations of natural 
forces rendered necessary by the above assumption, might 
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be easily and completely stated. It was found that all 
known relations of forces harmonise with the consequencet 
of that assumption, and a series of unknown iclations wera 
discovered at the same time, the correctness of which re- 
niained to be proved. If a single one of them could be 
proved false, then a perpetual motion would be possible. 

The Srat who endeavoured to travel this way was • 
Frenchman named Camot, in the year 1824. In spile of 
a tixp limited conception of his subject, and an incorrect 
view as to the nature of heat, which led him to some er- 
roneous conclusions, his experiment was not quite unsuc* 
M§sftil. He discovered a law which now bears his name, 
Md to which I will return further on, - 

His labours remained for a long time without notice, 
Md it was not till eighteen years afterwards, that ia in 
1642, that different investigators in different countries, 
and independent of Camot, laid hold of the same thought, 
lie first who saw truly the general law here referred to, 
and expressed it correctly, was a German physician, J. E. 
Jlayer of Heilbronn, in the year 1842. A little later, in 
1843, a Dane named Colding presented a memoir to the 
Academy of Copenhagen, in which the same law found 
Utterance, and some experiments were described for its 
further corroboration. In England, Joule began about 
the same time to make experiments having reference to 
the same subject. We often find, in the case of questions 
to the solution of which the development of science 
points, that several beads, quite independent of each 
other, generate exactly the same series of reflections. 

I myself, without being acquainted with either Mayer 
or Colding, and having first made the acquaintauce of 
Joule's experiments at the end of my investigation, fol- 
lowed the same path. I endeavoured to ascertain all the 
relations between the different natural processes, which 
tbllowed from our regarding them from the above point of 
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Starting from each of these diEFereot manifestations of 
Datural forces, we can set every other in motion, for tlie 
most part not in ono way merely, but in many ways. It 
is here as with the weaver's weh, — 

Where a step stirs a thousand threads, ^^ 

The shuctlea shoot from side to aide, ^^^ 

The fibres How unseeTi, ^M 

And one shock strikes a thousand coitibinutioDB. ^^M 

f^ Now it is clear that if by any meana we could succeed, 
aa the above American professed to have done, by me- 
chanical forces, in exciting chemical, electrical, or other 
natural processes, which, by any circuit whatever, and 
without altering permanently the active masses in the 
machine, could produce mechanical force in greater quan- 
tity than that at first applied, a portion of the work thus 
gained might be made use of to keep tbe machine in 
motion, while the rest of the work might be applied to 
any other purpose whatever. The problem was to find, 
in the complicated net of reciprocal actions, a track 
through chemical, electrical, magnetical, and thermic 
processes, back to mechanical actions, which might be 
followed with a final gain of mechanical work : thus would 
the perpetual motion be found. 

But, warned by the futility of former experiments, the 
public had become wiser. On the whole, people did not 
seek much after combinations which promised to furnish 
a perpetual motion, but the question was inverted. It 
was no more asked. How can I make use of the known 
and unknown relations of natural forces so as to construct 
a perpetual motion? but it was asked, If a perpetual 
rOotion be impossible, what are the relations which must 
subsist between natural fi>rces ? Everything was gained 
by this inversion of the question. The relations of natural 
forces rendered neceseary by the above assumption, might 
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easily and completely stated. It was found that all 
known relations of forces harinonise with the consequences 
of that assumption, and a series of unknown i elations were 
discovered at the same time, the correctness of which re- 
niMned to be proved. If a single one of them could bo 
proved false, then a perpetual motion would be possible. 

The first who endeavoured to travel this way was a 
Frenchman named Camot, in the year 1824. In spile of 
a too limited conception of his subject, and an incorrect 
view as to the nature of heat, which led him to some er- 
roneouB conclusions, bis experiment was not quite unsuc- 
cessful. He discovered a law which now bearjj his name, 
uid to which I will return farther on. 

His labours remained for a long time without notice, 
snd it was not till eighteen years afterwards, that is in 
lBi2, that different investigators in different countries, 
find independent of Carnot, laid hold of the same thought. 
The first who saw truly the general law here referred to, 
snd expressed it correctly, was a German physician, J, E. 
Hayer of Heilbronn, in the year 1842. A little later, in 
1843, a Dane named Colding presented a memoir to the 
Academy of Copenhagen, in which the same law found 
UtterancCj and some experiments were described for its 
further corroboration. In England, Joule began about 
the same time to mai<e experiments having reference to 
the same subject. We often find, in the case of questions 
to the solution of which the development of science 
points, that several heads, quite independent of each 
other, generate exactly the same series of reflections, 

I myself, without being acquainted with either Mayer 
or Colding, and having first made the acquaintance of 
Joule's experiments at the end of my investigation, fol- 
lowed the same path. I endeavoured to ascertain all the'* 
relations between the different natural processes, which^ 
jwed from our regarding them from the above point of l 
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I view. My inquiry was made public in 1847, in a Biuall 
pamphlet beariug the title, ' On the CoDBerration of 

j Force.' ' 

Bince that time the interest of the scientific public for 
;Si8 subject has gradually augmented, particularly in 
England, of wliich I had an opportunity of convincing 
myaelf during a visit last summer. A great number of 
the essential consequences of the above manner of view- 
ing the subject, the proof of which was wanting when the 
fijst theoretic notions were published, have since been 
confirmed by esperiment, particularly by those of Joule ; 
and during the last year the most eminent physicist of 
France, Regnault, has adopted the new mode of regarding 
the question, and by fresh investigations on the specific 
heat of gases has contributed much to ita support. For 

I some important consequences the experimental proof is 

\ still wanting, but the number of confirmations is so pre- 
\ dominant, that I have not deemed it premature to bring 
s;^e-lilibject before even a non-acieutific audience. 

How the question has been decided you may already 
infer from what has been stated. In the series of natural 
processes there is no circuit to be found, by which me- 
chanical force can be gained without a corresponding 
consumption. The perpetual motion remains impossible. 
Our reflections, however, gain thereby a higher interest. 

We have thus far regarded the development of force 
by natural processes, only in its relation to its usefulness 
to man, as mechanical force. You now see that we have 
aiiived at a general law, which holds good wholly inde- 
pendent of the application which man makes of natural 
forces ; we must therefore make the expression of our law 
correspond to this more general significance. It is in the 
first place clear, that the work which, by any natural pro- 

' There i» a (lanslulion of this important Essaj in the Scienlifie Mtmoin, 
Jiow Serios, p. Ul.-J. T. 
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'i whatever, is performed under favourable eonditiona 
PJ a machine, and which may be measured in the way 
already indicated, may be used as a measure of force com- 
**ioii to all. Further, tbe important question arises, If 
the quantity of force cannot be augmented except by 
^rwrresponding consumption, can it be diminished or lost ? 
J'ar the purposes of our machines it certainly can, if we 
"neglect the opportimity to convert natural processes to use, 
but as investigation haa proved, not for nature as a whole. 

In the colhaion and friction of bodies against each 
other, the mechanics of former years assumed simply that 
hving force was lost. But I have already stated that each 
collision and each act of friction generates heat ; and, 
moreover. Joule has established by experiment the im- 
portant law, that for every foot-pound of force which is 
lost a definite quantity of heat is always generated, and 
that when work is performed by the consumption of heat, 
for each foot-pound thus gained a definite quantity of 
heat disappears. The quantity of heat necessary to raise 
the t-emperature of a pound of water a degree of the Cen- 
tigrade thermometer, corresponds to a mechanical force 
hy which a pound weight would be raised to the height 
of 1,350 feet: we name thia quantity the mechanical 
equivalent of heat. I may mention here that these facts 
conduct of necessity to the conclusion, that heat is not, as 
was formerly imagined, a fine imponderable substance, 
tut that, like light, it is a peculiar shivering motion of 
the ultimate particles of bodies. In collision and friction, 
acciording to this manner of viewing the subject, the mo- 
tion of the mass of a body which is apparently lost is con- 
verted into a motion of the ultimate particles of the 
body ; and conversely, when mechanical force is generated 
by heat, the motion of the ultimate particles is converted 
into a motion of the mass. 

Chemical combinations generate heat, and the quantity 
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of this heat i« totally independent of the time and steps 
through which the combination has been efFeeted, pro- 
vided that other actions are not at the same time brought 
into play. If, however, mechanical work is at the same 

time accomplished, as in the case of the steam-engine, we 
obtain as much less heat as is equivalent to this work. 
The quantity of work produced by chemical force is in 
general very great. A potmd of the purest coal gives, 
when burnt, sufficient heat to raise the temperature of 
8,086 pounds of water one degree of the Centigrade ther- 
mometer ; from this we can calculate that the magnitude 
of the chemical force of attraction between the particles 
of a pound of coal and the quantity of oxygen that cor- 
responds to it, is capable of lifting a weight of 100 pounds 
to a height of twenty miles. Unfortunately, in our steam- 
engines we have hitherto been able to gain only the 
smallest portion of this work, the gre-ater part is lost in 
the shape of heat. The best expansive engines give back 
as mechanical work only 1 8 per cent, of the heat gene- 
rated by the fuel. 

From a similar investigation of all the other known 
physical and chemical processes, we arrive at the conclu- 
sion that Nature as a whole possesses a store of force 
which cannot in any way bo either increased or dimi- 
nished, and that therefoi-e the quantity of force in Nature 
is just as eterual and unalterable as the quantity of 
matter. Expressed in this form, I have named the general 
law ' The Principle of the Conservation of Force.' 

We cannot create mechanical force, but wa may help 
ourselves from the general storehouse of Nature, The 
brook and the wind, which drive our mills, the forest and 
the coal-bed, which supply our steam-engines and warm 
our rooms, aro to us the bearers of a small portion of the 
great natural supply which we draw upon for our pur- 
poses, and the actions of whicli we ea,n apply as we think 
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fit. The poBsessor of a mill claims the gravity of Uie 
descending rivulet, or the living force of the moving 
wind, ae his possession. These portions of the store of 
Nature are what give his property its chief vahie. 

Further, from the fact that no portion of fore* can be 

absolutely lost, it does not follow that a portion may not 

be inapplicable to human pm'poses. In this respect the 

inferences drawn by William Thomson from tlie law of 

Carnot are of importance. This law, which was discovered 

byCamot during his endeavours to ascertain the relations 

between heat and mechanical force, which, however, by 

no means belongs to the necessary consequences of the 

conservation of force, and which Claitsius was the first to 

modify in such a manner that it no longer contradicted 

tfie above general law, expresses a certain relation between 

fie compressibility, the capacity for beat, and the espan- 

sIoQ by heat of all bodies. It ia not yet completely proved 

la all directions, but some remarkable deductions having 

been drawn from it, and afterwards proved to be facts by 

eiperiment, it has attained thereby the highest degree of 

probability. Besides the mathematical form in which 

tie law was first expressed by Carnot, we can give it the 

following more general expression : — ' Only when beat 

passes from a warmer to a colder body, and even then 

only partially, can it be converted into mechanical work.' 

The heat of a body which we cannot cool further, 

cannot be changed into another form of force — into 

electric or chemical force for example. Thus in our 

steam-engines we convert a portion of the heat of the 

glowing coal into work, by permitting it to pass to the 

less warm water of t)ie boiler. If, however, all the bodies 

in Nature hail the same temperature, it would be impoa- 

to convert any portion of their beat into mechanical 

work. According to this we can divide the total force 

store of the universe into two parts, one of which is heat. 
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1 
and must conliDue to be such ; the other, to which a por- 
tion of the heat of the warmer bodies, and the total aup- 
p\v of chemical, menhaoical, electrical, and magnetical 
f.roea belong, is capable of the moat varied changes of 
form, and constitutes the whole wedth of change which 
takes place in Nature. 

But the heat of the warmer bodies strives perpetually 
to pass to bodies less warm by radiation and conduction, 
and thus to establish an equilibrium of temperature. At 
each motion of a terrestrial body a portion of mechanical 
force passes by friction or collision into heat, of which 
only a part can be converted back again into mechanical 
force. This is also generally the case in every electricaL 
and chemical process. From this it follows that the firEt> 
portion of the store of force, the unchangeable beat, ia 
augmented by every natural process, while the second, 
portion, mechanical, electrical, and chemical Force, must 
be diminished ; so that if the universe be delivered over 
to the undisturbed action of its physical processes, all 
force will finally pass into the form of heat, and all beat 
come into a state of equilibrium. Then all possibility of 
a further change would be at an end, and the complete 
cessation of all natural processes must set in. The life of 
men, animals, and plants could not of course continue if 
the sun had lost his high temperature, and with it his 
light, — if all the components of the earth's surface had 
closed those combinations which their affinities demand. 
In short, the universe from that time forward would be 
condemned to a state of eternal rest. 
/" These consequences of the law of Caroot are, of course, 

/only valid provided that the law, when sufficiently tested, 
proves to be universally correct. In the mean time there 
is little prospect of the law being proved incorrect. At 
all events, we must admire the sagacity of Thomson, who, 
in the letters of a long-known little mathematical for- 
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(mala, which only speaks of the heat, volume, and pressure 
of bodies, was able to discern consequences which threat* 
ened the imi verse, though certainly after an infinite period 
'Tf time, with eternal death. 

I have already given you notice that our path lay 
through a thorny and unrefreshing field of mathematico- 
mechanical developments. We have now left this portion 
of our road behind us. The general principle which I 
have sought to lay before you has conducted us to a point 
from which oiu: view is a wide one ; and aided by this 
principle, we can now at pleasure regard this or the other 
side of the surrounding world according as our interest 
in the matter leads us. A glance into the narrow labora- 
tory of the physicist, with its small appliances and com- 
plicated abstractions, will not be so attractive as a glance 
at the wide heaven above us, the clouds, the rivers, the 
woods, and the living beings around us. While regarding 
the laws which have been deduced from the physical 
processes of terrestrial bodies as applicable also to the 
heavenly bodies, let me remind you that the same force 
which, acting at the earth's surface, we call gravity 
{Schwere), acts as gravitation in the celestial spaces, and 
also manifests its power in the motion of the immeasu- 
rably distant double stars, which are governed by exactly 
the same laws as those subsisting between the earth and 
moon ; that therefore the light and heat of terrestrial 
bodies do not in any way dififer essentially from those of 
the sun or of the most distant fixed star ; that the me- 
teoric stones which sometimes fall from external space 
upon the earth are composed of exactly the same simple 
chemical substances as those with which we are acquainted. 
We need, therefore, feel no scruple in granting that general 
laws to which all terrestrial natural processes are subject 
are also valid for other bodies than the earth. We will, 
therefore, make use of our law to glance over the house- 
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hold of the universe with respect to the store of foj 
capable of action, which it posseases. 

A number of singular peculiarities in the structure 
oiir planetary system indicate that it was once a connected 
mass, with a uniform motion of rotation. Without such 
an assumption tt is impossible to explain why all the planets 
move in the same direction round the sun, why they all 
rotate in the same direction round their axes, why the 
planes of their orbits and those of their satellites and 
rings all nearly coincide, why all their orbits differ but> 
little from circles, and much besides. From these re- 
maining indications of a former state astronomers have 
shaped an hypothesis regarding the formation of our 
planetary system, which, although from the nature of the 
case it must ever remain an hypothesis, still in its special 
traits is so well supported by analogy, that it certainly 
deserves our attention ; and the more so, as this notioa 
in our own home, and within the walls of this town,' first; 
found utterance. It was Kant who, feeling great interest 
in the physical description of the eart.h and the planetary 
system, undertook the labour of studying the works of 
Newton ; and, as an evidence of the depth to which he 
had penetrated into the fundamental ideas of Newton, 
seized the notion that the same attractive force of all 
ponderable matter which now supports the motion of 
the planets must also aforetime have been able to form 
from matter loosely scattered in space the planetary 
system. Afterwards, and independent of Kant, Laplace, 
the great author of the ' Mecanique celeste,' laid hold of 
the same thought, and introduced it among astronomers. 

The commencement of our planetary system, in- 
cluding the sun, must, according to this, be regarded 
us an immense nebulous mass which filled the portion 
of space now occupied by our system far beyond tho 

If ' KonigEbprg. ^^B 
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limits of Neptune, our most distant planet. Even now 
we discern in distant regions of the firmament nebulous 
patches the light of which, as spectrum analysis teaches, 
is the light of ignited gases ; and in their spectra we see 
Daore especially those bright lines which are produced by 
ignited hydrogen and by ignited nitrogen. Within our 
system, also, comets, the crowds of shooting stars, and the 
zodiacal light exhibit distinct traces of matter dispersed 
like powder, which moves, however, according to the law 
of gravitation, and is, at all events, partially retarded by 
the larger bodies and incorporated in them. The latter 
undoubtedly happens with the shooting stars and meteoric 
stones which come within the range of our atmosphere. 

If we calculate the density of the mass of our planetary 
system, according to the above assumption, for the time 
when it was a nebulous sphere, which reached to the path 
of the outermost planet, we should find that it would 
require several millions of cubic miles of such matter to 
weigh a single grain. 

The general attractive force of all matter must, how- 
ever, impel these masses to approach each other, and to 
condense, so that the nebulous sphere became incessantly 
smaller, by which, according to mechanical laws, a motion 
of rotation originally slow, and the existence of which 
must be assumed, would gradually become quicker and 
quicker. By the centrifugal force, which must act most 
energetically in the neighbourhood of the equator of the 
nebulous sphere, masses could from time to time be torn 
away, which afterwards would continue their courses 
separate from the main mass, forming themselves into 
single planets, or, similar to the great original sphere, 
into planets with satellites and rings, until finally the 
principal mass condensed itself into the sun. With 
regard to the origin of heat and light this theory origi- 
nally gave no information. 
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When the nebulous chaos first separated itself from 
other fixed star mussos it must not only have contained 
all kiudd of matter which was to constitute the futuie 
planetary system, but also, in accordance with our new 
law, the whole store of force whiclj at a future time onghli 
to unfold therein its wcslth of actions. Indeed, in this 
respect an immense dower was bestowed in the shape of 
the general attraction of all the particles for each other. 
This force, which on the earth exerts itself as gravity, 
acts in the heavenly spaetis as gravitation. As terrestrial 
gravity when it draws a weight downwards performs work 
and generates vis viva, so also the heavenly bodies do the 
same when they draw two portions of matter from distant 
regions of spaco towards each other. 

The chemical forces must have been also present, ready 
to act ; but as these forces can only come info operation 
by the most intimate contact of the different masses, con- 
densation must have taken place before the play of chemical 
forces began. 

Whether a still further supply of force in the shape of 
heat was present at the commencement we do not know. 
At all events, by aid of the law of the equivalence of heat 
and work, we find in the mechanical forces existing at the 
time to which we refer such a rich source of heat and light, 
that there is no necessity whatever to take refuge in the 
idea of a store of these forces originally existing. When, 
through condensation of the masses, their particles came 
into collision and clung to each other, the vis viva of their 
motion would be thereby annihilated, and must reappear 
as heat. Already in old theories it has been calculated 
that cosmical massos must generate heat by their col- 
lision, but it was far from anybody's thought to make 
even a guess at the amount of heat to be generated in 
this way. At present we can give definite numerical 
values with certainty. 
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/Let us make tliiH addition to our assumption — that, i 

Uie commencement, the density of the nebuloia maltei 

ms a vanishing quantity as compared with tlie preseotj 

density of the sun and planets : we can then calculate 

how much work has been performed hy the condensation! I 

we can furthtr calculate how much of this work still ^xistta 

in the form of mechanical force, as attraction of thai 

planeta towards the sun, and as vie viva of their motion, J 

and find by this how much of the force has been converted J 

into beat. ^ 

The result of this calculation' ia, that only about tlW' 

454th part of the original mechanical force ren 

such, and that the remainder, converted into heat, would 

be sufficient to raise a mass of water equal to the sun and 

planets taken together, not lees than twenty-eight mitliona 

of degrees of the Centigrade scale. For the sake of compar 

rison, I will mention that tte highest temperature which 

we can produce hy the oxyhydrogen blowpipe, which is 

Bufficient to fuse and vaporise even platinum, and which 

but few bodies can endure without melting, is estimated 

at about 2,000 degrees. Of the action of a temperature 

of twenty-eight millions of such degrees we can form no 

notion. If the mass of our entire syatem were pure coal, 

by the combustion of the whole of it only the 3,500th 

part of the above quantity would he generated. This 

is also clear, that such a. great development of heat must 

have presented the greatest obstacle to the speedy union 

of the masses ; that the greater part of the heat must 

have been diffused by radiation into space, before the 

masses could form bodies possessing the present density, 

of the sun and planets, and that these bodies must oncfl' 

have been in a state of fiery fluidity. This notion is cor--' 

roborated by the geological phsenomena of our planet ;■ 

and with regard to the other planetary bodies, the flat- ' 

^^H ■ &r« Da1« on jugu 133, 1 
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tened form of the sphere, which is the form of equH 
brium of a fluid mass, is indicative of a former state of 
fluidity. If I thus permit an imnaense quantity of heat, 
to disappear without compensation from our system, tbwj 
principle of the conservation of force is not thereby ia* 
vaded. Certainly for our planet it is lost, but not for tha 
universe. It has proceeded outwards, and daily proceeds 
outwards into infinite space ; and we know not whether 
the medium which transmits the undulations of light 
and heat possesses an end where the rays must return, or 
whether they eternally pursue their way through infinitude. 

The store of force at present possessed by our system is 
also equivalent to immense quantities of heat. If our 
earth were by a sudden shock brought to rest in her orbit 
— which is not t-o be feared in the existing arrangement 
of our system — by such a shock a quantity of heat would 
be generated equal to that produced by the combustion of 
fourteen such earths of solid con-l. Making the moat un- 
fiivourable assumption as to its capacity for heat — that 
is, placiny it equal to that of water — the mass of the earth 
would thereby be heated 11,200 degrees; it would, there- 
fore, be quite fused, and for the most part converted into 
vapour. If, then, the earth, after having been thus 
brought to rest, should fall into tjie sun — which, of 
course, would be the cane — the quantity of heat deve- 
loped by the shock would be 400 times greater. 

Even now from time to time such a process is repeated 
on a small scale. There can hardly be a doubt that 
meteors, fireballs, and meteoric stones are masses which 
belong to the universe, and before coming into the 
domain of our earth, moved like the planets round the 
sun. Only when they enter our atmosphere do they 
become visible and fall sometimes to the earth. In order 
to explain the emission of light by these bodies, and the 
iact that for some time after their descent they are very 
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hot, the friction was long ago thought of which they 
experience in passing through the air. We can now 
calculate that a velocity of 3,000 feet a second, supposing 
the whole of the friction to be expended in heating the 
solid mass, would raise a piecp of meteoric iron 1,000'' C. 
in temperature, or, in other words, to a vivid red heat. 
Now the average velocity of the meteors seems to be 
thirty to fifty times the above amount. To compensate 
this, however, the greater portion of the heat is doubtless 
carried away by the condensed mass of air which the 
meteor drives before it. It is known that bright meteors 
generally leave a luminous trail behind them, which 
probably consists of severed portions of the red-hot sur- 
faces. Meteoric masses which fall to the earth often 
burst with a violent explosion, which may be regarded as 
a result of the quick heating. The newly-fallen pieces 
have been for the most part found hot, but not red-hot, 
which is easily explainable by the circumstance, that 
during the short time occupied by the meteor in passing 
through the atmosphere, only a thin superficial layer is 
heated to redness, while but a small quantity of heat has 
been able to penetrate to the interior of the mass. For 
this reason the red heat can speedily disappear. 

Thus has the falling of the meteoric stone, the minute 
remnant of processes which seem to have played an im- 
portant part in the formation of the heavenly bodies, 
conducted us to the present time, where we pass from 
the darkness of hypothetical views to the brightness of 
knowledge. In what we have said, however, all that is 
hypothetical is the assumption of Kant and Laplace, 
that the masses of our system were once distributed as 
nebulse in space. 

On account of the rarity of the case, we will still 
further remark in what close coincidence the results ot 
science here stand with the earlier legends of the human 
9 
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family, and the forebodings of poetic fancy. The co^ ] 
mogony of ancient nations generally commences with 
chaos and darkness. Thus for example Mephistophelea 
says: — 

Part of the Part am I, once All, in primal night, 
Part of the DarkiieBS wliich brought ibrtli the Light, 
The haughty Light, which now disputea tie space, 
And claims of Mother Wight her ancient place. 

Neither is the Mosaic tradition very divergent, p»-- 
ticularly when we remember that that which Mo9«=a 
names heaven, ia different from the blue dome above na, 
and is synonymous with space, and that the tmformed 
earth and the waters of the great deep, which were 
afterwards divided into waters above the firmament and 
waters below the iirmament, resembled the chaotic com- 
ponents of the world : — 

'In the beginning God created the heaven and the earth. 

' And the earth was without form, and void ; and dark- 
ness was upon the face of the deep. And the spirit of 
God moved upon the faco of the waters.' 

And just as in nebulous sphere, just become luminous, 
and in the new red-hot liquid earth of our modern cosmo- 
gony light was not yet divided into sun and stars, nor time 
into day and night, as it was after the earth had cooled. 

' And God divided the light from the darkness. 

' And God called the light day, and the darkness Ho 
called night. And the evening and the morning were 
the first day.' 

And now, first, after the waters had been gathered 
together into the sea, and the earth had been laid dry, 
could plants and animals be formed. 
^ Our earth bears still the tmmistakeable traces of its 
old fiery fluid condition. The granite formations of her 
mountains exhibit a structure, which can only be pro- 
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duced by the crystallisation of fused masses. Investiga- 
tion still shows that the temperature in mines and 
borings increases as we descend ; and if this increase is 
uniform, at the depth of fifty miles a heat exists sufficient 
to fuse all our minerals. Even now our volcanoes pro- 
ject from time to time mighty masses of fused rocks from 
their interior, as a testimony of the heat which exists 
there. But the cooled crust of the earth has already 
become so thick, that, as may be shown by calculations of 
its conductive power, the heat coming to the surface 
from within, in comparison with that reaching the earth 
from the sun, is exceedingly small, and increases the 
temperature of the surface only about -^th of a degree 
Centigrade ; so that the remnant of the old store of force 
which is enclosed as heat within the bowels of the earth 
has a sensible influence upon the processes at the earth's 
surface only through the instrumentality of volcanic 
phaenomena. Those processes owe their power almost 
wholly to the action of other heavenly bodies, particu- 
larly to the light and heat of the sun, and partly also, in 
the case of the tides, to the attraction of the sun and moon. 
Most varied and numerous are the changes which we 
owe to the light and heat of the sun. The sun heats our 
atmosphere irregularly, the warm rarefied air ascends, 
while fresh cool air flows from the sides to supply its 
place : in this way winds are generated. This action* is 
most powerful at the equator, the warm air of whicli 
incessantly flows in the upper regions of the atmosphere 
towards the poles ; while just as persistently at the 
earth'« surface, the trade-wind carries new and cool air 
-to the equator. Without the heat of the sun, all winds 
must of necessity cease. Similar currents are produced 
by the same cause in the waters of the sea. Their 
power may be inferred from the influence which in some 
cases they exert upon climate. By them tk^ '^^.wsv 
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i'^water of the Antilles is carried to the British Isles, and 
' confers upon them a mild uniform warmth, and rich 
moisture ; while, through similar causes, the floating; ice 
of the North Pole is carried to the coast of Newfoundland 
and produces raw cold. Further, by the heat of the sun 
a portion of the water is converted into vapour, which 
rises in the atmosphere, is condensed to clouds, or falls 
in rain and snow upon th« earth, collects in the form of 
springs, brooks, and rivers, and finally reaches the sea 
again, after having gnawed the rocks, carried away light 
earth, and thus performed its part in the geologic 
changes of the earth ; perhaps besides all this it hag 
driven our water-mill upon its way. If the heat of the 
aun were withdrawn, there would remain only a single 
motion of water, namely, the tides, w^bich are produced 
by the attraction of the sun and moon. 

How is it, now, with the motions and the work of 
organic beings ? To the builders of the automata of the 
last century, men and animals appeared as clockwork 
which was never wound up, and created the force which 
they exerted out of nothing. They did not know how 
to establish a connexion between the nutriment con- 
sumed and the work generated. Since, however, we 
have learned to discern in the steam-engine this origin 
of mechanical force, we must inquire whether something 
similar does not hold good with regard to men. Indeed, 
the continuation of life is dependent on the consumption 
of nutritive materials : tbese ai^e combustible substances, 
wliich, after digestion and being passed into the blood, 
actually undergo a slow combustion, and finally enter 
into almost the same combinations with the oxygen of 
the atmosphere that are produced in an open fire. As 
the quantity of heat generated by combustion is inde- 
pendent of the duration of the combustion and the steps 
in which it occurs, we can calculate from the mass of the 
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conRumed material how much heat^ or its equivalent 
work, is thereby generated in an animal body. Unfor- 
tunately, the difficulty of the experiments is still very 
great; but within those limits of accuracy which have 
been as yet attainable, the experiments show that the 
heat generated in the animal body corresponds to thc^ 
amount which would be generated by the chemical pro- 
cesses. The animal body therefore does not dififer from 
the steam-engine as regards the manner in which it 
obtains heat and force, but does dififer from it in the 
manner in which the force gained is to be made use of. 
The body is, besides, more limited than the machine in 
the choice of its fuel ; the latter could be heated with 
sugar, with starch-flour, and butter, just as well as with 
coal or wood ; the animal body must dissolve its mate- 
rials artificially, and distribute them through its system ; 
it must, further, perpetually renew the used-up materials 
of its organs, and as it cannot itself create the matter 
necessary for this, the matter must come from without, 
liebig was the first to point out these various uses of 
the consumed nutriment. As material for the perpetual 
renewal of the body, it seems that certain definite albu- 
minous substances which appear in plants, and form the 
chief mass of the animal body, can alone be used. They 
form only a portion of the mass of nutriment taken 
daily ; the remainder, sugar, starch, fat, are really only 
materials for warming, and are perhaps not to be super- 
seded by coal, simply because the latter does not permit 
itself to be dissolved. 

If, then, the pi ocesses in the animal body are not in 
this respect to be distinguished from inorganic processes, 
the question arises, whence comes the nutriment which 
constitutes the source of the body's force ? The answer 
is, from the vegetable kingdom ; for only the material 
of plants, or the flesh of herbivorous animals, can be 
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made use of for food. The animals which live on plantt 
occupy a mean position between carnivoroua animals, in 
which we reckon man, and vegetables, which the former 
could not make use of immediately as nutriment. In 
hay and grass the same nntritive substances are present 
as in meal and flour, but in less quantity. Ab, however, 
the digestive organs of man are not in a condition to 
extract the small quantity of the useful from the great 
excess of the insoluble, we submit, in the first place, 
these substancea to the powerful digestion of the ox, 
permit the nourishment to store itself in tho animal's 
body, in order in the end to gain it for ourselves in a more 
agreeable and useful form. In answer to our question, 
therefore, we are referred to the vegetable world. Now 
when what plants take in and what they give outare 
made the subjects of investigation, we find that the 
principal part of the former consieta in the products of 
combustion which are generated by the animal. They 
take the consumed carbon given off in respiration, as 
carbonic acid, from the air, the consumed hydrogen as 
water, the nitrogen in ita simplest and closest com- 
bination as ammonia; and from these materials, with the 
assistance of small ingredients which they take from the 
soil, they generate anew the compound combustible sub- 
stances, albumen, sugar, oil, on which the animal subsists. 
Here, therefore, is a circuit which appears to be a per- 
petual store of force. Plants prepare fuel and nutri- 
ment, animals consume tlese, bum them slowly in their 
lungs, and from the products of combustion tlie plants 
again derive their nutriment. The latter is an eternal 
source of chemical, the former of mechanical forces. 
WoiJd not the combination of both organic kingdoms 
produce the perpetual motion ? We must not conclude 
hastily : further inquiiy shows, that plants are capable of 
producing combustible substances only when they <tra 
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under the influence of the bud. A portion of the gun's 
rajs exhibits a. remarkable relation to chemical forces, — it 
can produce and destroy chemical combiuations ; and thesa 
lajs, which for the most part are blue or violet, are called 
therefore chemical raya. Wc make use of their action ia 
the production of photographs. Here compounds of silver 
are decomposed at the place where the sun's rays strike 
them. The same rays overpower Id the green leaves of 
plants the strong chemical affinity of the carbon of the 
rarbonic acid for osygen, give back the latter free to the 
atmosphere, and accumulate the other, in combination 
witii other bodies, as woody fibre, starch, oil, or resin. 
These chemically active rays of the snn disappear com- 
pletely as soon as they encounter the green portions of 
the plants, and hence it is that in Daguerreotype images 
the green leaves of plants appear uniformly black. In- 
asmuch as the light coming from them does not contain 
the chemical rays, it is unable to act upon the silver 
compounds. But beaidea tho blue and violet, the yellow 
lays play an important part in the growth of plants. 
They also are comparatively strongly absorbed by the 
leaves. 

Hence a certain portion of force disappears from the 
sunlight, while combustible substances are generated and 
accumulated in plants; and we can assume it as very 
probable, that the former is the cause of the latter. I 
must indeed remark, that we are in poaseasion of no ex- 
periments from which we might determine whether the 
vis viva of the sun's rays which have disappeared corre- 
sponds to the chemiciil forces acciunulated during the 
same time ; and as long as these experiments are wanting, 
we cannot regard the stated relation aa a certainty. If 
this view should prove correct, we derive from it the 
flattering result, that all force, by means of which our 
bndies live and move, finds its source in the piueat sun- 
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light ; and hence we are all, in point of nobility, not 
behind the race of tlie great monarch of China, who 
heretofore alone called himself Son of the Sun. But it 
must also be conceded, that our lower fellow-beings, the 
frog and leech, shore the same lethereal origin, as also the 
whole vegetable world, and even the fuel which comes to 
ua from the ages paaf, as well as the youngest offspring 
of the furest with which we heat our stoves and set our 
machines in motion. 

You see, then, that the immense wealth of ever- 
changing meteorological, climatic, geological, and organic 
processes of our earth are almost wholly preserved in 
action by the light- and heat-giving rays of the sim ; and 
you see in this a remarkable example, how Proteus-like 
the effects of a single cause, under altered exterual con- 
ditions, may exhibit itself in nature. Besides these, the 
earth experiences an action of another kind from ita 
central luminary, as well as &om its satellite the moon, 
which exhibits itself in the remarkable pba:nomenon of 
the ebb and flow of the tide. 

Each of these bodies excites, by its attraction upon the 
waters of the sea, two gigantic waves, which flow in the 
same direction round the world, as the attracting bodies 
themselves apparently do. The two waves of the moon, 
on account of her greater nearness, are about 3J times 
as large as those excited by the sun. One of these waves 
has its crest on the quarter of the earth's surface which is 
turned towards the moon, the other is at the opposite 
side. Both these quarters possess the flow of the tide, 
while the regions which lie between have the ebl). Al- 
though in the open sea the height of the tide amounts to 
only about three feet, and only in certain narrow channels, 
where the moving water is squeezed together, rises to 
thirty feet, the might of the phEenomenon is nevertheless 
manifest from the calculation of Bessel, according to 
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ivhich a quarter of the earth covered by the sea possesses, 
during the flow of the tide, about 22,000 cubic miles of 
water more than during the ebb, and that therefore such 
a mass of water must, in 6 J hours, flow from one quarter 
of the earth to the other. 

The phaenomenon of the ebb and flow, as already recog- 
nised by Mayer, combined with the law of the conservar 
tion 01 force, stands in remarkable connexion with the 
question of the stability of our planetary system. The 
mechanical theory of the planetary motions discovered 
by Newton teaches, that if a solid body in absolute vacuo, 
attracted by the sun, move around him in the same 
manner as the planets, this motion will endure unchanged 
through all eternity. 

Now we have actually not only one, but several such 
planets, which move around the sun, and by their mutual 
attraction create little changes and disturbances in each 
other's paths. Nevertheless Laplace, in his great work, 
the ' Mecanique celeste,' has proved that in our planetary 
system all these disturbances increase and diminish peri- 
odically, and can never exceed certain limits, so that by 
this cause the eternal existence of the planetary system is 
unendangered. 

But I have already named two assumptions which must 
be made : first, that the celestial spaces must be abso- 
lutely empty; and secondly, that the sun and planets 
must be solid bodies. The first is at least the case as 
far as astronomical observations reach, for they have 
never been able to detect any retardation of the planets, 
sucli as would occur if they moved in a resisting medium. 
But on a body of less mass, the comet of Encke, changes 
are observed of such a nature : this comet describes 
ellipses round the sun which are becoming gradually 
smaller. If this kind of motion, which certainly corre- 
sponds to that through a resisting medium, be actiidlt^ 
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due to the existence of such a medium, a time will coma 
when the comet wilt strike the sun; and a similar end 
t]ireat«n8 all the plaoetB, although after a time, the 
length of which baffiea our imagination to conceive of it. 
But even slioiild the existence of a resieting medium 
appear doubtl'id to ua, there is no doubt that the planets 
are not wholly composed of solid materials which are 
inseparubly bound together. Signs of the existence of an 
at.mosphere are observed on the Sun, on Venus, Mars, 
Jupiter, and Saturn. Signs of water and ice upon Mara ; 
and our earth has undoubtedly a fluid portion on its 
Burface, and perhaps a still greater portion of fluid within 
it. The motions of the tides, however, produce friction, 
all friction destroys vU viva, and the loss in this case can 
only affect the vis viva of the planetary aystem. We 
come thereby to the unavoidable conclusion, that every 
tide, although with infinite slowness, still with certainty 
diminishes the store of mechanical force of the system ; 
and aa a consequence of this, the rotation of the planeta 
in question round their ases must become more slow. 
The recent careful investigations of the moon's motion 
made by Hansen, Adams, and Delaunay, have proved that 
the earth does experience such a. retardation. According 
to the former, the length of each sidereal day has in- 
creased since the time of Hipparchus by the ^ part of a 
second, and the duration of a century by half a quarter 
of au hour ; according to Adams and Sir W. Thomson, 
the increase has been almost twice as great. A clock 
which went right at the beginning of a centiiry, would 
he twenty-two seconds in advance of the earth at the end 
■jf the century. Laplace had denied the existence of 
sack a retardation in the case of the earth ; to ascertain 
the amount, the theory of lunar motion required a greater 
development than was possible in his time. The final 
«>nfl(>cuence would be. but after millions of years, if in 
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the mean time the ocean did not become frozen, that one 
side of the earth would be constantly turned towards the 
sun, and enjoy a perpetual day, whereas the opposite side 
would be involved in eternal night. Sucli a position we 
observe in our moon with regard to the earth, and also in 
the case of the satellites as regards their planets ; it is, 
perhaps, due to the action of the mighty ebb and flow to 
which these bodies, in the time of their fiery fluid con- 
dition, were subjected. 

I would not have brought forward these conclusions, 
which again plunge us in the most distant future, if they 
were not unavoidable. Physico-mechanical laws are, as 
it were, the telescopes of our spiritual eye, which can 
penetrate into the deepest night of time, past and to 
come. 

Another essential question as regards the future of our 
planetary system has reference to its future temperature 
and illumination. As the internal heat of the earth has 
but little influence on the temperature of the surface,- 
the heat of the sun is the only thing which essentially, 
affects the question. The quantity of heat falling from 
the sun during a given time upon a given portion of the 
earth's surface may be measured, and from this it can be 
calculated how much heat in a given time is sent out 
from the entire sun. Such measurements have been 
made by the French physicist Pouillet, and it has been 
found that the sun gives out a quantity of heat per hour 
equal to that which a layer of the densest coal 10 feet 
thick would give out by its combustion ; and hence in a 
year a quantity equal to the combustion of a layer of 
17 miles. If this heat were drawn uniformly from the 
entire mass of the sun, its temperature would only be 
diminished thereby 1^ of a degree Centigrade per year, 
assuming its capacity for heat to be equal to that of water. 
These results can give us an idea of the magnitude of the 
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emisiiioD, in relation to the surface and mass of the buh ; 
but they cannot inform ua whether the sun radiat«a 
heat as a glowing body, which since its formation has its 
heat accumulated within it, or whether a new generation 
of heat by chemical processea is continually taking place 
at the sun's surface. At all events, the law of the con- 
servation of force teaches ns that no process analogous to 
those known at the surface of the earth can supply for 
eternity an inexhaustible amount of light and heat to 
the sun. But the same law also teaches that the store of 
force at present existing, as heat, or as what may become 
heat, is sufficient for an immeasurable time. With re- 
gard to the store of chemical force in the sun, we can 
form no conjecture, and the store of heat there existing 
can only be determined by very uncertain estimations. 
If, however, we adopt the very probable view, that the 
remarkably small density of so large a body is caused by 
its high temperature, and may become greater in time, it 
may be calculated that if the diameter of the sun were 
diminished only the t«n-thousandth part of its present 
length, by this act a sufficient quantity of heat would be 
generated to cover the total emission for 2,100 years. 
So small a change it would be difficult to detect even by 
the finest astronomical observations. 

Indeed, from the commencement of the period during 
which we possess historic accounts, that is, for a period of 
about 4,000 years, the temperature of the earth has not 
sensibly diminished. From these old ages we have cer- 
tainly no thermometric observations, but we have infor- 
mation regarding the distribution of certain cultivated 
plants, the vine, the olive tree, which are very sensitive 
to changes of the mean annual temperature, and we find 
that these plants at the present moment have the same 
limits of distribution that they had in the times of 
Abraham and Homer; from which we may infer back- 
waxds the constancy of the climate. 
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In opposition to this it lias been urged, that here in 
Prussia the German knights in former times cultivated 
the vine, cellared their own wine and drank it, which is 
no longer possible. From this the conclusion haB been 
drawn, that the heat of our climate has diminished since 
the time referred to. Against this, however, Dove has 
cited the reports of ancient chroniclers, according to 
which, in some peculiarly hot years, the Prussian grape 
possessed somewhat less than its usual quantity of acid. 
The fact also speaks not so much for the climate of the 
countnf as for the throats of the German drinkers. 

*m even though the force store of our planetary 
system is so immensely great, that by the incessant 
emission which has occurred during the period of human 
history it has not been sensibly diminished, even though 
the length of the time which must flow by before a sen- 
sible change in the state of our planetary system occurs 
is totally incapable of measurement, still the inexorable 
laws of mechanics indicate that this store of force, which 
can only suffer loss and not gain, must be finally exhausted. 
Shall we terrify ourselves by this thought ? Men are in 
the habit of measuring the greatness and the wisdom of 
the universe by the duration and the profit which it pro- 
mises to their own race ; but the past history of the earth 
already shows what an insignificant moment the duration 
of the existence of our race upon it constitutes. A 
Nineveh vessel, a Eoman sword, awake in us the con- 
ception of grey antiquity. What the museums of Europe 
show us of the remains of Egypt and Assyria we gaze 
upon with silent astonishment, and despair of being able 
to carry our thoughts back to a period so remote. Still 
must the human race have existed for ages, and multi- 
plied itself before the Pyramids or Nineveh could have 
been erected. We estimate the duration of human his- 
tory at 6,000 years ; but inameasurable as this time may 
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appear to us, what is it ia comparison with the time 
during which the earth carried successive series of rank 
plants and mighty animals, and no men ; during which in 
our neighbourhood the amber-tree bloomed, and dropped 
its costly gum on the earth and in the sea ; when in Sibe- 
rin, Europe, and North America groves of' tropical palms 
flourished ; where gigantic lizards, and after them ele- 
plianta, whose mighty remains we still find buried in 
the earth, found a home? Different geologists, pro- 
ceeding from different premises, have sought to esti- 
raat« the duration of the above-named creative period, 
and vary from a million to nine million years. The 
time during which the earth generated organic beings 
is again small when compared with the ages during 
which the world was a ball of fused rocks. For the 
duration of ita cooling from 2,000° to 200° Centigrade 
the experiments of Bishop upon basalt show that about 
350 millions of years would be necessary. And with re- 
gard to the time during which the first nebulous mass 
condensed into our planetary system, our most daring 
conjectures must cease. The history of man, therefore, 
is but a short ripple in the ocean of time. For a much 
longer series of years than that during which he has 
already occupied this world, the existence of the present 
state of inorganic nature favourable to the duration of 
man seems to be secured, so that for ourselves and for 
long generations aft-er us we have nothing to fear. But 
the same forces of air and water, and of the volcanic 
interior, which produced former geological revolutions, 
and buried one series of living forms after another, act 
still upon the earth's crust. They more probably will 
bring about the last day of the hmnan race than those 
distant cosmical alterations of which we have spoken, 
forcing us perhaps to make way for new and more com- 
plet* living forms, as the lizards and the mammoth 
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Lave given place to us and our fellow-creatures which 
now exist. 

Thus the thread which was spun in darkness by those 
who sought a perpetual motion has conducted us to a uni- 
versal law of nature, which radiates light into the distant 
nights of the beginning and of the end of the history of 
the universe. To our own race it permits a long but not 
an endless existence ; it threatens it with a day of judg- 
ment, the dawn of which is still happily obscured. As 
each of us singly must endure the thought of his death, 
the race must endure the same. But above the forms of 
life gone by, the human race has higher moral problems 
before it, the bearer of which it is, and in the completion 
of which it fulfils its destiny. 
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NOTE TO PAGE 177. 



iCEB. ^H 



I must here explain the calculation of the heat which 
must be produced by the asaumed condensation of the 
bodies of our system from scattered nebulous matter. 
The other calculations, the results of which I have men- 
tioned, are to be found partly in J, R. Mayer's papers, 
partly in Joule's communications, and partly by aid of 
the known facts and method of science : they are easily 
performed. 

The measure of the work performed by the condensation 
of the mass from a state of infinitely small density is the 
potential of the condensed mass upon itself. For a sphere 
of uniform density of the mass M, and the radius li, the 
potential upon itself V — if we call the mass of the earth 
m, its radius r, and the intensity of gravity at its 
surface ff — has the value 

3 rHl' 

Let us regard the bodies of our system as such spheres, 
then the total work of condensation is equal to the sum 
of all their potentials on themselves. As, however, these 
potentials for difierent spheres are to each other as the 

quantity -g-, they all vanish in comparison with the sun ; 

even that of the greatest planet, Jupiter, is only about the 
one hundred-thousandth part of that of the sun; in the 
calculation, therefore, it is only necessary to introduce the 
latter, 

To elevate the temperature of a mass M of the specific 
beat o", ( degrees, we need a quantity of beat eqiial to 
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Mff/ ; this corresponda, when Kg represents the mecbanicul 
equivalent of the unit of heat, to the work AgTslat. To 
find the elevation of temperature produced by the con- 
densation of the mass of the sun, let us set 



we have then 



A:7M<r( 






5 A . It . 



For a mass of Tpater equal to the sun we have <r = 1 ; 
then the calculation with the known values of A, M, E, m, 
and r, gives 

1 = 28611000" Cent. 

The mass of the sun is 738 times greater than that of 
all the planets taken together ; if, therefore, we desire to 
make the water mass equal to that of the entire system 
738 



makes hardly a sensible alteration in the result. 

"When a spherical mass of the radius R condenses more 
and more to the radius R„ the elevation of temperature 
thereby produced is 



~ 5'A . 



_3. r'M 
~5 AK,ma 






Supposing, then, the mass of the planetary system to be 
at the commencement, not a sphere of infinite radius, but 
limited, say of the mdius of tlie path of Neptune, which 
IE six thousand times greater than the radius of the sun, 
the magnitude ^ will then be eqiml to -goQo, and the above 

value of t would have to be diminished by this inconsi- 
derable amount. 
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From the same formula we can deduce that a diminution 
of 10^ of the radius of the sun would generate work in a 
water mass equal to the sun, equivalent to 2,861 degrees 
Centigrade. And as, according to Pouillet, a quantity of 
beat corresponding to 1^ degree is lost annually in such a 
mass, the condensation referred to would cover the loss for 
2,289 years. 

If the sun, as seems probable, be not everywhere of the 
same density, but is denser at the centre than near the 
surface, the potential of its mass and the corresponding 
quantity of heat will be still greater. 

Of the now remaining mechanical forces, the vis viva of 
the rotation of the heavenly bodies round their own axes 
is, in comparison with the other quantities, very small, 
and may be neglected. The vis viva of the motion of 
revolution round the sun, if /l& be the mass of a planet, 
and p its distance from the sun, is 

Omitting the quantity -- as very small compared with .^, 

2p K 

and dividing by the above value of V, we obtain 

L_5 /i 
V"3 M' 

The mass of all the planets together is ,-— of the mass 

of the sun ; hence the value of L for the entire system is 



THE RECENT PROGRESS OF TH 
THEORY OF VISION. 



I. The Eye as as Optical Instrument. 

The physiology of the senaea is a border land in which 
the two great divisions of human knowledge, natural and 
mental Bcience, encroach on one another's domain ; in 
which problems arise which are important for both, and 
which only the combined labour of both can solve. 

No doubt the first concern of physiology is only with 

material changes in material organs, and that of the 

special physiology of the senses is with the nerves and 

their sensations, so far as tliese are excitations of the 

nerves. But, in the course of investigation into the 

functions of the organs of the senses, science cannot avoid 

also considering the apprehension of external objects, 

which is the result of these excitations of the nerves, 

and for the simple reason that the fact of a particular 

I state of mental apprehension often reveals to us a nervous 

I excitation which would otherwise have escaped our notice. 

On the other hand, apprehension of external objects must 

always be an act of our power of realization, and must 

therefore be accompanied by coiMciousness, for it is a 

I mental function. Indeed th'e further exact investigation 

jl of this process has been pushed, the more it has revealed 

k to UB an ever-widening field of such mental functions, 
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the results of wliich are involved in those acts of appre- 
heDsion by the senses which at first sight appear to be 
most simple aTid immediate. These concealed functions 
have been but little discussed, because we are so ac- 
customed to regard the apprehension of any external 
object as a complete and direct whole, which does not 
admit of analysis. 

It is scarcely necessary for mo to remind my present 
readers of the fundamental importance of this field of 
inquiry to almost every other department of science. 
For apprehension by the senses supplies after all, directly 
or indirectly, the material of all human knowledge, or 
at least the stimulus necessary to develope every inborn 
faculty of the mind. It supplies the basis for the ■whole 
action of man upon the outer world ; and if this stage of 
mental processes is admitted to he the simplest and lowest 
of its kind, it is none the less important and interesting. 
For there is little hope that he wlio does not begin at 
the beginning of knowledge will ever arrive at its end. 

It is by this path that the art of experiment, which 
has become so important in natural science, found en- 
trance into the hitherto inaccessible field of mental 
processes. At first this will be only so far as we are 
able by experiment to determine the particular sensible 
impressions which call up one or another conception 
in our consciousness. But from this first step will follow 
numerous deductions as to the nature of the mental 
processes which contribute to the result. I will therefore 
endeavour to give some account of the results of physi- 
ological inquiries so far as they bear on the questions 
above meutioned. 

I am the more desirous of doing so because I have 
lately completed ' a complete survey of the field of physio 
logical optics, and am happy to have an opportunity of 

' Prof. HslmhoIte'B Handbook of Phgawlogical Oiitica was pnlilishod at 
Lsipiig is 1867. 
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putting together in a compendioua form the views and 
deductioDS on the present subject which might escape 
notice among the numerous details of a book devoted to 
the special objects of natural Bcieiice. I may state that 
in that work I took great pains to convince myself of 
the truth of every fact of the slightest importance by 
personal observation and experiment. There ia no longer 
mnch controversy on the more important facts of obser- 
vation, the chief difference of opinion being as to the 
extent of certain individual differences of apprehension 
by the senses. During the last few years a great number 
of distinguished investigators have, under the influence 
of the rapid progress of ophthalmic medicine, worked at 
the physiology of vision ; and in proportion as the 
number of observed facts has increased, they have 
also become more capable of scientific arrangement and 
explanation. I need not remind those of my readers 
who are conversant with the subject how much labour 
must be expended to establish many facta which appear 
comparatively simple and almost self-evident. 



To render what follows understood in all ita bearings, 
I shall first describe the •physical characters of the eye 
as an optical instrument ; next the physiological pro- 
cesses of excitation and conduction in the parts of the 
nervous system which belong to it ; and lastly I shall 
take up the psychological question, how mental appre- 
hensions are produced by the changes which take place ia 
the optic nerve. 

The first part of our inquiry, which cannot be passed I 
over because it is the foundation of what follows, will 
be in great part a repetition of what is already generally 
kno^vn, in order to biing in what ia new in its proper 
place. But it is just this part of the subject which 
excites so much interest, as the real starting point of 
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illy constitutes the chief advantage of 1 
bther optical instruments. 

Indeed the peculiar way in which we a 
) give our attention to external objects, ' 
'only to one thing; at a time, and as soon aa 4 
taken in hastening to another, enables tl 
to accomplish as much as is necessary ; s 
practically the same adva,ntage as if we e 
rate view of the whole field of vision at oi 
fact until we begin to examine our sensatioi 
we become aware of the imperfections of ii 
Whatever we want to see we look at, and ei 
what we do not look at, we do not as a i 
the moment, and so do not notice how i 
Bee it. 

Indeed, it is only after long pracUod 
able to turn our attention to an ( 
indirect vision (as is necessary for soni 
observations) without looking at it, i 
into direct view. And it is just as diS 
eye on an object for the number of » 
produce the phenomenon, of an after-il^ 
this well defined requires a, good deal of j 
A great part of tlie importance of the g 
of expression depends on the same i 
menfca of the eyeball — its glances- 
direct signs of the movement of t 
movements of the mind, of the ] 



Just as quickly as the aye turns H 
and from side to side, does the e 
60 as to bring the object to which DUi 
the moment directed into focus; and t 
tant objects pass in rapid succession into 
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COurtierB by ehowing them how they might eee each other 
■with their heads cut off. 

There are, in addition, a number of smaller gaps in tlia 
field of vision, in which a small bright point, a fixed star 
for example, may he lost. These are caused hy the blood- 
vessels of the retina. The vessels run in the front layers, 
and BO cast their shadow on the part of the sensative 
mosaic which lies behind them. The larger ones shut off 
the light from reaching the rods and conea altogether, the 
more slender at least limit its amount. 

These splits in the pictm-e presented by the eye may he 
recognised by making a hole in a card with a fioe needle, 
and looking throngh it at the sky, moving the card a little 
from side to aide all the time. A still better experiment 
is to throw sunlight through a, small lens upon the white 
of the eye at the outer angle (^temporal canthus), while 
the globe is turned as much as possible inwards. The 
shadow of the blood-vessels ia then thrown across on to 
the inner wall of the retina, and we see them aa gigantic 
branching lines, like iig. 32 raagniiied. These vessels lie 
in the front layer of the retina itself, and, of course, their 
shadow can only he seen when it falls on the proper sensi- 
tive layer. So that this phenomenon furnishes a proof 
that the hindmost layer is that which is sensitive to hght. 
And by its help it has become possible actually to measure 
the distance between the sensitive and the vascular layers 
of the retina. It is done as follows : — 

If the focus of the light thrown on to the white of the eye 
(the sclerotic) is moved slightly backwards and forwards, 
the shadow of the blood-vessels and its image in the field 
of vision will, of course, move also. The extent of these 
movements can be easily measured, and from these date 
Heinrich Miiller, of Wiirzhurg — -whose too early loss to 
science we still deplore — determined the distance between 
the two focij and found it exactly to equal the thickneaa 
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3 re- 1 



Ihought he had discover&d a relation between the 
fi-active and dispersive powers of various transparent 
materials, from which it followed that no achromatic 
refraction was possible. Euler,' on the other hand, con- 
cluded that, since the eye is achromatic, the relation 
discovered by Newton could not be correct. Reasoning 
from this assumption, he constrneted theoretical rules 
for making achromatic instruments, and Dolland* carried 
them out. But Dolland himself observed that the eye 
could not be achromatic, because its construction did not 
answer to Euler's rules ; and at last Fraunhofer' actually 
measured the degree of chromatic aberration of the eye. 
An eye constructed to bring red light from infinite dis- 
tance to a focus on the retina can only do the same with 
violet rays from a distance of two feet. With ordinary 
light this is not noticed because these extreme colours are 
the least luminous of all, and so the images they produce 
are scarcely observed beside the more intense images of 
the intermediate yellow, green, and blue rays. But the 
effect is very striking when we isolate the extreme rays 
of the spectrum by means of violet glass. Glasses 
coloured with cobalt oxide allow the red and blue rays 
to pass, but stop the green and yellow ones, that is, the 
brightest rays of the spoctnim. If those of my readers 
who have eyes of ordinary focal distance will look at 
lighted street lamps from a distance with this violet 
glass, they will see a red flame surrounded by a broad 
bluish violet halo. This is the dispersive image of the 
flame thrown by its blue and violet light. The phe- 
nomenon is a simple and complete proof of the fact of 
chromatic aberration in the eye. 

Now the reason why this defect is so little noticed 

' Leonard Eulor born at Basel, 1707 ; died at St. Petecabnrgh, 1783. 

' John Dolland, F.R.S. torn 1708 ; diod in London, 1761. 

• Joseph FrauDliofur iKira in Bararia, 1787; died at MSnich, 1828. 
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under ordiBarj circumstaaces, and why it is in fact 
Bomewhat lesa than a glass instrument of the same 
construction would have, is that the chief refractive 
medium of the eye is water, which podse&scs a lesa dis- 
persive power than glass.' Hence it is that the chro- 
matic aberration of the eye, though present, does not 
materially affect vision with ordinary white illumination. 

A second defect which is of great importance in optical 
instruments of high magnifying power is what is known 
as spherical aberration. Spherical refracting surfaces 
approximately unite the rays which proceed from a lumin- 
ous point into a single focus, only when each ray falls 
nearly perpendicularly upon the corresponding part of 
the refracting surface. If all those rays which form the 
centre of the image are to be exactly united, a lens with 
other than spherical surfacea must be used, and this 
cannot be made with sufficient mechanical perfection. 
Now the eye has its refracting surfacea partly elliptical ; 
and so here again the natur.il prejudice in its favour led 
to the erroneous belief that spherical aberration was thus 
prevented. But this was a still greater blunder. More 
accurate investigation showed that much greater defects 
than that of spherical aberration are present in the eye, 
defects which are easily avoided with a little care in 
making optical instruments, and compared with which 
the amount of spherical aberration becomes very unim- 
portant. The careful measurements of the curvature of the 
cornea, first made by Senff of Dorpat, next, with a better 
adapted instrument, the writer's ophthalmometer already 
referred to, and afterwards carried out in numerous 
cases by Bonders, Enapp, and others, have proved that 
the cornea of moat human eyes is not a perfectly sym- 

a mlhcr greater llian 
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metrical curve, but ia variously bent in diffensnt direc- 
tions. I have also devised a metbod of testing the 
' centering ' of an eye duriog life, i.e. ascertaining whether 
tbe cornea and the crystalline lens are Bymnaetricallj 
placed witb regard to tlieir common axis. By this means 
I discovered in the eyes I examined slight but distinct 
deviations from accurate centering. Tbe result of theaa 
two defects of construction is the condition called astig- 
matism, which is found more or less in moat human eyea, 
and prevents our seeing vertical and horizontal lines at 
the same distance perfectly clearlyat once. If the degree 
of astigmatism is excessive, it can be obviated by the use 
of glasses with cylindrical surfaces, a circumstance which 
has lately much attracted the attention of oculists. 

Nor is this all. A refracting surface which is im- 
perfectly elliptical, an ill-centered telescope, does not 
give a single illuminated point as the image of a start 




but, according to the surface and arrangement of the 
refracting media, elliptic, circular, or linear images. Now 
the images of an illuminated point, as the human eye 
brings them to focus, are even more inaccurate : they are 
irrogulaily radiated. The reason of this lies in the con- 
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courtiera by showing them how they might see each other 
with their heads cut o£f. 

There are, in addition, a number of smaller gaps in the 
field of vision, Jn which a small bright point, a fixed star 
for example, may be lost. These are caused by the blood- 
vessels of the retioa. The vessels nm in the front layers, 
and so cast their shadow on the part of the eensative 
mosaic which lies behind them. The larger ones shut ofif 
the light from reaching the rods and cones altogether, the 
more slender at least limit its amount. 

These splits in the pictui'e presented by the eye may be 
recognised by making a hole in a card with a fine needle, 
and looking through it at the sky, moving the card a little 
from side to side all the time. A still better experiment 
is to throw sunlight through a email lena upon the white 
of the eye at the outer angle (temporal canthus), while 
the globe is turned as much as possible inwards, Tlie 
shadow of the blood-vessels is then thrown across on to 
the inner wall of the retina, and we see them as gigantic 
branching lines, like fig. 32 magnified. These vessels lie 
in the front layer of the retina itself, and, of course, their 
shadow can only be seen when it falls on the proper sensi- 
tive layer. So that this phenomenon furnishes a proof 
that the hindmost layer is that which is sensitive to light. 
And by its help it has become possible actually to measure 
the distance between the sensitive and the vascular layers 
of the retina. It is done as follows : — 

If the focus of the light thrown on to the white of the eye 
(the sclerotic) is moved slightly backwards and forwards, 
the shadow of the blood-vessels and its image in the field 
of vision will, of coiu'se, move also. The extent of these 
movements can be easily measured, and from these data 
Heinrich Miiller, of Wiirzburg — whose too early loss to 
science we still deplore— determined the distance between 
the two foci, and found it exactly to equal the thiekneaa 
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is most apparent in the blue and violet raya of the « 
spectrum ; for there comes in the phenomenon of fl 
reaceilce ' to increase it. 

In fact, although the cryetalline lena looks s 
fully clear when taken out of the eye of an animal jd 
killed, it ia far from optically uniform in structure, 
is possible to see the shadows and dark spots within tlie | 
eye (the so-called 'entoptic objects') by looking at an | 
extensive bright surface — tho clear sky, for instance- 
through a very narrow opening. And these shadows are I 
chiefly due to the fibres and spots in the lena. 

There are also a number of minute fibres, corpuscla 
and folds of membrane, which float in the vitreous 
humour, and are seen when they come close in front 
of the retina, even under the ordinary conditions of 
vision. They are then called musccB volitantes, because 
when the observer tries to look' at them, they naturally move 
with the movement of the eye. They seem continually 
to fiit away from the point of vision, and thus look like 
flying insects. These objects are present in everyone's 
eyes, and usually float in tke highest part of the globe of 
the eye, out of the field of vision, whence on any sudden 
movement of the eye they are dislodged and swim freely 
in the vitreous bumuur, I'hey may occasionally pass in 
front of the central pit, aJid so impair sight. It ia a 

' This term ia given to tha propertj which CDttain Botstances possess of 
becoming for n time fniDtly lurainouH as long as thej receiTo violet Hnd 
blue light. The bluish tinC of a solndon of qaiDine. and the green colour 
of uranium e'aas, depend on this property. The fluoruBcenco nf the comea 
and cryEtalline lena Hppears to depend upon the presence in their tieano of 
a very smoU (luantitj of a BUtatanco like quinine. For the i)hjBiologiat 
thii property is most valuable, fur by its aid he caD see the lens in a living 
»ye by throwing on it a cDncestratcii beam of blue light, and thus ascertain 
that it ia placed cloao behind Ihe iris, not separated by 8 latgB ' poaterior 
chamber,' aa wua long auppoaed. Bot for eeeing, the fluoraceace of tb» 
Lea and lens is simply disadvtLQtBgeoiu. 
Tida tvjH-n, p. S13. 



J 



THE ETE AS AN OPTICAL INSTRUMENT. 221 

pemarkatle proof of the way in which we obserre, or fail 
|bo observe, the impressions made on our senses, that these 
mtLBCce volitantes often appear something quite new and 
^aquieting to persons whose eight is beginning to suffer 
from any cause ; although, of course, there must have been 
the same conditions long before. 

A knowledge of the way in which the eye is developed 
in man and other vertebrates explains these irregularities 
in the structure of the lens and the vitreous body. Both 
are produced by an invagination of the integument of the 
embiyo. A dimple is first formed, this deepens to a round 
pit, and then expands until its orifice becomes relatively 
minute, when it is finally closed and the pit becomes 
completely shut ofl'. The cells of the acarf-skin which 
line this hollow form the crystalline lens, the true skin 
beneath them becomes its capsule, and the loose tissue 
which underlies the skin is developed into the vitreoua 
humour. The mark where the neck of the fossa was sealexl 
is still to be recognised as one of the ' entoptic images ' of 
many adult eyes. 



The last defect of the human eye which must be noticed 
is the existence of certain inequalities of the surface which 
receives the optical image. Not far from the centre of 
the field of vision there is a break in the retina, where 
the optic nerve enters. Here there is nothing but nerve 
fibres and blood-vessels ; and, as the cones are absent, any 
rays of light which fall on tlie optic nerve itself are un- 
perceived. This 'blind spot' will therefore produce a corre- 
sponding gap in the field of vision where nothing will be 
visible. Fig. 32 shows the posterior half of the globe of a 
right eye which has been cut across. R is the retina with 
its branching blood-vessels. The point from which these 
diverge is that at which the optic nerve enters. To the 
reader's left is seen the 'yellow spot.' 
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Now tbe gap caused by the presence of the optic nerve 
IB no slight one. It is alaont 6° in horizontal and 8° in 
vertical dimension. Its inner border is about 12° hori- 
zontally distant from the ' temporal ' or estemal side of 
tbe centre of distinct vision. The way to recognise 
this blind spot m.ost readily is doubtless known to many 
of iny readers. Take a sheet of white paper and mark on 
it a little cross ; then to the right of this, on tbe same 
level, and about three inches off, draw a rotmd black spot 




half an inch in diameter. Now, holding the paper at 
arm's length, abut the left eye, fix the right upon the 
cross, and bring the paper gradually nearer. When it is 
about eleven inches from the eye, the black spot will 
suddenly disappear, and will again come into sight as tbe 
paper is moved nearer. 

This blind spot is so large that it might prevent our 

seeing eleven full moons if placed side by side, or a man's 

face at a distance of only sis or seven feefc. Mariotte,' who 

liscovered the phenomenon, amused Charles II. and hia 

' Ediiif. Mariotts bom in Burgundy, diei at Paris, IGB4. 
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courtiers by showing them how they might see each otlier 
with their beads cut off- 
There are, in addition, a number of smaller gaps in the 
field of viaion, in which & small bright point, a fixed star 
for example, may be lost. These are caused by the blood- 
vessels of the retina. The vessels nm in the fiont layers, 
and so cast their shadow on the part of the sensative 
mosaic which lies behind them. The larger ones shut off 
the light from reaching the rods and cones altogether, the 
more slender at least limit its amount. 

These splits in the picture presented by the eye may be 
recognised by making a hole in a card with a fine needle, 
and looking through it at the sky, moving the card a little 
from Bide to side all the time. A still better experiment 
is to throw sunlight through a small lens upon the whito 
of the eye at the outer angle (temporal canthus), while 
the globe is turned as much as possible inwards. The 
shadow of the blood-vessels is then thrown across on to 
the inner wall of the retina, and we see them as gigantic 
branching lines, like fig. 32 magnified. These vessels lie 
in the front layer of the retina itself, and, of course, their 
ebadow can only be seen when it falls on the proper sensi- 
tive layer. So that this phenomenon furnishes a proof 
that the hindmost layer is that which is sensitive to light. 
And by its help it has become possible actually to measure 
the distance between the sensitive and the vascular layers 
of the retina. It is done as follows ; — 

If the focus of the light thrown on to the white of the eye 
(the sclerotic) is moved slightly backwards and forwards, 
the shadow of the blood-vessels and its image in the field 
of vision will, of couree, move also. The extent of these 
movements can be easily measured, and fi-om these data 
Heinrich Miiller, of Wurzburg — whose too early loss to 
science we still deplore — determined the distance between 
the two foci, and found it exactly to equal the thickneta 
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wliich actual'^ separates the layer of rods aod cooes from- ' 
Lho vascular layer of the retina. 

The condition of the point of clearest \'isi on (the yellow 
■pot) is disadvantageoat in another nay. It is less sensi- 
tive to weak light tlian the other parts of the retina. It 
has been long known that many stars of inferior magni- 
tu<Ie — for example, the Coma Berenicte and the Pleiades 
■ — are seen more brightly if looked at somewhat obliquely 
than when their rays fall fuU upon the eye. This can be 
provt*d to depend partly on the yellow colour of the 
vtacula, which weakens blue more than other rays. It may 
also be partly the result of the absence of vessels at this 
yellow spot which has been noticed above, which interfere* 
with its free commuoication with the life-giving blood. 



All these imperfections would be exceedingly trouble 
Bome in an artificial camera obscura and in the pbotographio 
picture it produced. But they are not so in the eye — so 
little, indeed, that it was very difficult to discover some 
of them, Tlie reason of their not interfering with our 
perception of external objects is not simply that we have 
two eyes, and ao one makes up for the defects of the other. 
For even when we do not use both, and in the case of 
persons blind of one eye, the impression we receive from 
the field of vision is free from the defects which the 
irregularity of the retina woidd otherwise occasion. The 
chief reason is that we are continually moving the eye, 
and also that the imperfections almost always afi'ect those 
parts of the field to which we are not at the moment 
directing our attention. 

But, after all it remains a wonderful paradox, that 
yie are so alow to observe these and other peculiarities 
of vision (such as the after-images of bright objects), so 
long as they are not strong enough to prevent our seeing 
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objects. It iH a fact which we constantly meet, 

Ly in optics, but in studying the perceptions pro- 

by other senses on the eonscioiisnesa. The diffi- 

Ity with which we perceive the defect of the blind 

it 18 well shown by the history of its discovery, Ita 

iiiatence was first demonstrated by theoretical arguments. 

hile the long controversy whether the perception of 

;ght resided in the retina or tbe choroid was still unde- 

■■eided, Mai'iotte asked himself what perception there was 

i'where the choroid is deficient. He made experiments to 

ascertain this point, and in the course of tbem discovered 

the blind spot. Millions of men had used their eyes for 

I ages, thousands had thought over the nature and cause 

' of their functions, and, after all, it was only by a remark- 

, able combination of circumstances that a simple pheno- 

■. menon was noticed which would apparently have revealed 

I itself to the slightest observation. Even now, anyone 

who tries for the first time to repeat the experiment which 

demonstrates the existence of the blind spot, finds it difii- 

cult to divert his attention from the fixed point of clear 

vision, without losing sight of ifc in the attempt. Indeed, 

it is only by long practice in optical experiments that 

even an experienced observer is able, as soon as he shuts 

one eye, to recognise the blank space in the field of vision 

which corresponds to the blind spot. 

Other phenomena of this kind liave only been discovered 

by accident, and usually by persons whose senses were 

peculiarly acute, and whose power of observation was 

I unusually stimulated. Among these may be mentioned 

I Goethe, Purkinje,' and Johannes Miiller.' When a sub- 

1 ' A distinguished (jmbryalogist, lor msmy fears profsBBoi nt BrealHu: 
. he died at Prague. 1S69, St 82. 

' ' A B;rest biolngiat, in the full BODse of tho term. He was profeseoc of 
phTatoIogj al Berlii), and di«d 1858, «t. HJ. His Mamial of PAyMuZo^ 
I »as CnuiBinr^ iuto Eugliah by the lau Dr. Baly.— Tb. 
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auiuetit observi-r tries to repeat on his own eyes tiew 
experiments aa he finds them described, it is of course 
easier for Mm than for the discoverer ; but even now there 
are tnsn^ of the phenomena described by Purkinje which 
hare never been seen by anyone else, although it cannot 
l>e certainly held that they depended on individual pecu- 
liarities of this acute observer's eyes. 

The phenomena of which we have spoken, and a niimher 
of others also, may be explained by the general rule that 
it is much easier to recognise any change in the condi- 
tion of a nerve than a constant and equable impreEsion 
on it. In accordance with this rule, all peculiarities In 
the eicitation of separate nerve fibres, which are equally 
present during the whole of life (_Bnch as the shadow of 
the blood-vessels of the eye, the yellow colour of the cen- 
tral pit of the retina, and most of the fixed entoptic 
images), are never noticed at all ; and if we want to 
observe them we must employ imusual modes of illumina- 
tion and, particularly, constant change of its direction. 

According to our present knowledge of the conditiona 
of nervous excitation, it seems to me to be very unlikely 
that we have here to do with a simple property of sensa- 
tion ; it must, I think, be rather explained as a pheno- 
menon belonging to our power of attention, and I now 
only refer to the qiiestion in passing, since it« full discus- 
Bion will come afterwards in its proper connection. 



So much for the physical properties of the Eye. If I 
am asked why I have spent so much time in ezplaininig 
its imperfection to my readers, I answer, as I said at Brat, 
that I have not done so in order to depreciate the perfor- 
mances of this wonderful organ or to diminish our admi- 
ration of its construction. It was my object to make the 
reader understand, at the first step of our inquiry, that it 



THE EVE AS AX OPTICAL IXSTIILM EST. 227 

not any mechanical perfection of the organs of our 
■uses which aeuures tor us such wonderfully true and exact 
topresisions of the outer world The next section of thia 
iquiry will introduce much bolder and more para- 
.oxical conclusions than any I have yet stated. We have 
low seen that the eye in itself ia not by any means so 
Complete an optical instrument as it first appears : ita 
Sstraordiuary value depends upon the way in which we 
166 it : its perfection is practical, not absolute, consisting 
lot in the avoidance of every error, but in the fact that 
all its detects do not prevent its rendering us the most 
important and varied services. 

From this point of view, the study of the eye gives ua 
a deep insight into the true character of organic adapta- 
tion generally. And this consideration becomes still more 
interesting when brought into relation with the great and 
daring conceptions which Darwin has introduced into 
Bcience, as to the means by which the progressive perfeo 
tion of the races of animals and plants has been can'ied 
on. Wherever we scrutinise the construction of physio- 
logical organs, we find the same character of practical 
adaptation to the wants of the organism ; although, per- 
haps, there is no instance which we can follow out so 
minutely as that of the eye. 

For the eye has every possible defect that can be found- 
in an optical instrument, and even some which are peculiar 
to it-self ; but they are all so counteracted, that the inesact- 
nesa of the image which results from their presence very 
little exceeds, under ordinary conditions of illumination, 
the limits which are set to the delicacy of sensation by 
the dimensions of the retinal cones. But as soon as we 
make our observations under somewhat changed condi- 
tions, we become aware of the chromatic aberration, the 
ftstigmatism, the blind spots, the venous shadows, the 
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imperfect trajujMvreiicy of the media, and all the otha 
defects of which I have spoken. 

The adaptation af the eye to its function is, tfaerefofei 
most eompl«t«, and is seen in the very limits whid 
are set to it« defects. Here the result which may be 
reached by innumerable generations working under tlie 
Darwinian law of inheritance, coincides with wiiat Uh 
wisest Wisdom may have devised beforehand. A seogiUl 
man will not cut firewood with a razor, and so we ni^ 
aanume that each step in the elaboration of the eve miui 
have made the organ more vulnerable and more slow in 
its development. We must also bear in mind that soft, 
watery animal textures must always be unfavourable and 
difficult material for an instrument of the mind. 

One result of thia mode of construction of the eye, of 
which we shall see the importance bye and bye, is that 
clear and complete apprehension of external objects by 
the sense of sight is only possible when we direct oui 
attention to one part after another of the Held of vision 
in the manner partly described above. Other conditions, 
which teud to produce the same limitatiun, will after- 
wards come imder our notice. 

But, apparently, we are not yet come much nearer to nn- 
derstanding sight. We have only made one step : we have 
learnt how the optical arrangement of the eye renders it, 
possible to separate the rays of light which come in firom 
all parts of the field of vision, and to bring together again 
all those that have proceeded from a single point, so 
that they may produce their effect upon a single fibre ol 
the optic nerve. 

Let us see, therefore, how much we know of the sensa- 
tions of the eye, and how far tJiis will bring us towards ^» 
solution of the problem. 



-^s* 



n. The Sensation of Sight. 

In the first section of our subject we have followed the 
isourse of the rays of light as far as the retina, and seen 
what is the result produced by the peculiar arrangement 
of the optical apparatus. The light which is reflected 
from the separate illuminated points of external objects 
iB again united in the sensitive terminal structures of 
separate nerve fibres, and thus throws them into action 
without afiecting their neighbours. At this point the 
older physiologists thought they had solved the problem, 
so far as it appeared to them to be capable of solution. 
External light fell directly upon a sensitive nervous 
structure in the retina, and was, as it seemed, directly 
felt there. 

But during the last century, and still more during the 
first quarter of this, our knowledge of the processes which 
take place in the nervous system was so far developed, 
that Johannes Miiller, as early as the year 1826,^ when 
writing that great work on the ' Comparative Physiology 
of Vision,' which marks an epoch in science, was able to 
lay down the most important principles of the theory of 
the impressions derived from the senses. These prin- 
ciples have not only been confirmed in all important 
points by subsequent investigation, but have proved of 
even more extensive application than this eminent physio- 
logist could have suspected. 

The conclusions which he arrived at are generally com- 
prehended imder the name of the theory of the Specific 

* The year in which he was appointed Extraordinary Professor of Phy* 
■iology in the University of Bonn. 
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Action of the Senses. They are no longer so novel thai 
Uiey can bo reckoned among the latest advances of tbe 
tJieory of viEion. which form the subject of the present 
c-saay. Moreover, tht^y have been frequently expounded 
in a popubtr form by others aa well as by myself.' But 
that part of tJie theory of vision with which we are now 
occupied is little more than a further development of the 
theory of the specific action of the senses. I must, there- 
fore, beg my reader to forgive me if, in order to give him 
a comprebensive view of the whole subject in its proper 
connection, I bring before him much which he already 
knows, while I also introduce tbe more recent additioiia 
to our knowledge in their appropriate places- 
All that we apprehend of tbe external world is brought 
to our consciousness by means of certain changes which 
are produced in our organs of sense by estemal impres- 
sions, and transmitted to tlie brain by the nerves. It is 
in tbe brain that these impressions first become conscious 
sensations, and are combined so as to produce our concep- 
tions of surrounding objects. If the nerves which convey 
these impressions to the brain are cut through, the sensa- 
tion, and the perception of the impression, immediately 
cease. In tbe case of the eye, tbe proof that visual per- 
ception is not produced directly in each retina, but only 
in the brain itself by means of the impressions transmitted 
to it from both eyes, lies in tbe fact (which I shall after- 
wards more fully explain) that the visual impression of 
any solid object of three dimeusions is only produced by 
the combination of the impressions derived from both 
eyes. 

What, therefore, we directly apprehend ia not the imme- 
diate action of the external exciting cause upon the ends 

' ' On thfl Nature of Special Sanentions in Man,' Konif^^im/er nataneu- 
tenichafilicht UHterha/liinfffn, vol. iii. IS52. ' Hamaii Vision,' a populal 
9cieDttGc Lecture b; H. Ilcliiifaoltz, X^ipzig, 1S55. 
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necvee, but only the changed condition of the 
lervouB fibres which we call the state of excitation or 
^notional activity. 
Now all the nerves of the body, bo far as we at preseot 
, have the same structure, and the change which we 
Call excitation is in each of them a process of precisely 
the same kind, whatever be the function it subserves. For 
,While the task of some nerves is that already mentioned, 
|of carrying sensitive impressions from the external organs 
to the brain, others convey voluntary impulses in the 
opposite direction, from the brain to the muscles, caus- 
ing them to contract, and so naoving the limbs. Other 
nerves, again, carry an impression from the brain fo 
certain glands, and call forth their secretion, or to the 
heart and to the blood-vessels, and regulate the circula- 
tion. But the fibres of all these nerves are the same 
clear, cylindrical threads of microscopic minuteness, con- 
taining the same oily and albuminous material. It is 
true that there is a difference in the diameter of the 
fibres, but this, so far as we know, depends only upon 
minor causes, such as the necessity of a certain strength 
and of getting room for a certain number of independent 
conducting fibres. It appears to have no relation to their 
peculiarities of function. 

Moreover, aU nerves have the same electro-motor 
actions, as the researches of Du Bois Reymond ' prove. 
In all of them the condition of excitation is called forth 
by the same mechanical, electrical, chemical, or thermo- 
metric changes. It is propagated with the same rapidity, 
of about one hundred feet in the second, to each end of 
the fibres, and produces the same changes in their electro- 
motor properties. Lastly, all nerves die when sub- 
mitted to like conditions, and, with a slight apparent dif- 



k 



ProfMtor of FhyB[clog7 in tlie Unirenitj of Berliu. 



232 RE<-E-Vr PROGRESS OF THE THEOBT OF VISION. 

fereiice according to their thicknees, undergo the Eame 
coagitlatioB of their contents. In short, all that we can 
aflc«rtain of nervous structure and function, apart from the 
action of the other organs with which they are united and 
in which during life we see the proofe of their activity, is 
precieely the same for all the different kinds of nerves. 
Very lately the French pbysiologistB, Philippean and 
Vulpian, after dividing the motor and sensitive nerves of 
tho tongue, succeeded in getting the upper half of the 
sensitive nerve to unite with the lower half of the motor. 
After the wound had healed, they found tliat irritation of 
the upper half, which in normal conditions would have 
been felt as a sensation, now excited the motor branches 
below, and thus caused the muaclea of the tongue to 
move. We conclude from these facte that all the differ- 
ence which is seen in the cscitation of different nerves 
depends only upon the difference of the organs to which 
the nerve is united, and to which it transmits the atate 
of excitation. 

The nerve-fibres have been often compared with tele- 
graphic wires traversing a country, and the comparison is 
well fitted to illustrate this striking and important pecu- 
liarity of their mode of action. In the net-work of tele- 
graphs we find everywhere the same copper or iron wires 
carrying the same kind of movement, a stream of elec- 
tricity, but producing the most diflTerent resultB in the 
■various stations according to the ausiliaij apparatus with 
which they are connected. At one station the effect is 
tile ringing of a bell, at another a signal is moved, and at 
a third a recording instrument is set to work. Chemical 
decompositions may be produced which will serve to spell 
out the messages, and even the human arm may he moved 
by electricity bo as to convey telegraphic signals. When 
the Atkntic cable was being laid. Sir William Thomson 
found that the slightest signals could be recognised by ttuBi- 
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Kase of taste, if the wire was laid upon the tongue. Or, 
&gaiD, a strong electric curreat nuij be transmitted by 
telegraphic wires in order to ignite gunpowder for blasting 
rocks. In short, everyone of the hundred different actions 
which electricity is capable of producing may be called 
forth by a telegraphic wire laid to whatever spot wa 
please, and it is always the same process in the wire itself 
which leads to these diverse consequences. Nerve-fibrea 
and telegraphic wires are equally striking examples to 
illustrate the doctrine that the same causes may, under 
different conditions, produce different results. However 
commonplace this may now sound, mankind had to work 
long and hard before it was understood, and before this 
doctrine replaced the belief previously held in the constant; 
and exact correspondence between cause and effect. And 
we can scarcely say that the truth is even yet universally 
recognised, since in our present subject its consequences 
have been till lately disputed. 

Therefore, aa naotor nerves, when irritated, produce 
movement, because they are connected with muscles, 
and glandular nerves secretion, because they lead to 
glands, so do sensitive nerves, when they are irritated, 
produce sensation, because they are connected with sensi- 
tive organs. But we have very different kinds of sensa- 
tion. In the first place, the impressions derived from 
e^stenial objects fall into five groups, entirely distinct 
from each other. These correspond to the five senses, and 
their difference is so great that it is not possible to com- 
pare in quality a sensation of light with one of sound 
or of sraell. We will name this difference, so much 
deeper than that between comparable qualities, a differ- 
ence of the mode, or kind, of sensation, and will describe 
the differences between impressions belonging to the same 
sense (for example, the difference between the vaiioug 
Bensations of colour) as a difference of quality. 
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Wliether by the irritation of a nerve we produce a 
muscular movement, a secretion or a sensation depends 
upon whether we are handEng a motor, a glandular, or a 
sensitive nerve, and not at all upon what means of irrita- 
tion we may use. It may be an electrical Bhoek, or tearing 
the nerve, or cutting it through, or moistening it witli U 
solution of salt, or touching it with a hot wire. In the 
same way (and this gi'eat step in advance was due to 
Johannes Miiller) the kiTid of sensation which will ensue 
when we irritate a sensitive nerve, whether an impression 
of light, or of sound, or of feeling, or of smell, or of taste, 
will be produced, depends entirely upon which sense the 
excited nerve subserves, and not at iJl upon the method 
of excitation we adopt. 

Let UH now apply this to the optic nerve, which is tie 
object of our present enquiry. In the first place, we 
know that no kind of action upon any part of the body 
except the eye and the nerve which belongs to it, can 
ever produce the sensation of light. The stories of som- 
nambulists, which are the only arguments that can be 
adduced against this belief, we may be allowed to dis- 
believe. But, on the other hand, it is not light alone 
which can produce the sensation of light upon the eye, 
but also any other power which can excite the optic 
nerve. If the weakest electrical currents are passed 
through the eye they produce flashes of light. A blow, 
or even a slight pressure naade upon the side of the eye- 
ball with the iinger, makes an impression of light in the 
darkest room, and, imder favourable circumstances, this 
may become intense. In these cases it is important to 
rumember that there is no objective light produced in 
the retina, as some of the older physiologists assumed, 
for the sensation of light may be so strong that a se- 
cond observer could not fa,il to see through the pupil the 
illumination of the relina which would follow, if the 
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KDsation were really produced by an actual development 
of light within the eye. But nothing of the sort has 
ever been Sften. Pressure or the electric current excitea 
ttfl optic nerve, and therefore, according to Miiller'a 
hw, a. aensation of light results, but under these i 
camstances, at least, there is not the smallest spark of 
actual light. 

In the same way, increased pressure of blood, it3 ab- 
normal constitution in fevers, or its contamination with 
intoxicating or narcotic drugs, can produce sensations of ] 
light to which no actual light corresponds. Even in 
in which an eye is entirely lost by accident or by 
an operation, the irritation of the stump of the optic 
nerve while it is healing is capable of producing similar 
siibjective effects. It follows from these facts that the 
peculiarity in kind which distinguishes the sensation of 
light from all others does not depend upon any peculiar 
qualities of light itself. Every action which ia capable 
of exciting the optic nerve ia capable of producing the 
impression of light; and the purely subjective sensation 
thus produced is so precisely similar to that caused by ex- 
ternal light, that persons unacquainted with these pheno- 
mena readily suppose that the rays they see are real ob- 
jective beams. 

Thus we see that external light produces no i 
effects in the optic nerve than other agents of an entirely 
different nature. In one respect only does light differ 
from the other causes which Eire capable of exciting this 
nerve : namely, that the retina, being placed at the back 
of the firm globe of the eye, and further protected by 
the bony orbit, is almost entirely withdrawn from other 
exciting agents, and is thus only exceptionally aff 
by them, while it is continually receiving the rays of I 
light which stream in upon it through the tjanspareut i 
media of the eye. 
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Oo the other hand, the optic nerve, by reaBon of tha 
peeiiliar structures in connection with the ends of its 
fibres, tJie rods and cones of the retina, is incomparably 
more sensitive to rays of light than any other nervous 
apparatus of the body, since the rest can only be affected 
by rays which are concentrated enough to produce notice- 
able elevation of temperature. 

This explains why the sensations of the optic nerve are 
for U8 the ordinary sensible sign of the presence of light 
in the field of vision, and why we always connect the sen- 
sation of light with light itself, even where they are really 
unconnected. But we must never forget that a survey of 
all the facts in their natural connection puts it beyond 
doubt that external light is only owe of the exciting 
causes capable of bringing the optic nerve into func- 
tional activity, and therefore that there is no exclusive 
relation between the sensation of light and light itaelf. 

Now that we have considered the action of excitants 
upon the optic nerve in general, we will proceed to the 
nualitative differences of the sensation of light, that is 
to say, to the various sensations of colour. We will try to 
ascertain how far these differences of sensation correspond 
to actual differences in external objects. 

Light is known in Physics as a movement which is 
propagated by successive waves in the elastic ether distri- 
buted through the universe, a movement of the same kind 
as the circles which spread upon the smooth surface of a 
pond when a stone falls on it, or the vibration which is 
transmitted through our atmosphere as sound. The chief 
difference is, that the rate with which light spreads, and 
the rapidity of movement of the minute particles which 
form the waves of ether, are both enormously greater than 
that of the waves of water or of air. The waves, of light 
""nt forth from the aun differ exceedingly in size, jiiBt 
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I Sie little lipples whose eummita are a few inches digtant 
[ from each other differ from the waves of the ocean, be- 
I tween whose foamiDg crests lie valleys of sixty or a hiin- 
I dred feet. But, just as high and low, short and long waves, 
on the Biirfdce of water, do not differ in kind, but onlj in 
size, so the various waves of light which stream from tha 
sun differ in their height and length, but move all in the 
same m.anner, and show (with certain differences depend- 
ing upon the length of the waves) the same remark- 
able properties of reflection, refraction, interference, dif- 
fraction, and polarisation. Hence we conclude that the 
undulating movement of the ether is in all of them the 
game. We must particularly note that the phenomena 
of interference, under which light is now strengthened, 
and now obscured by light of the same kind, according 
to the distance it has traversed, prove that all the rays of 
light depend upon oscillations of waves ; and further, that 
the phenomena of polarisation, which differ according to 
different lateral directions of the rays, show that the par- 
ticles of ether vibrate at right angles to the direction in 
which the ray is propagated, 

All the different sorts of rays which I have mentioned 
produce one effect in common. They raise the tempers 
ture of the objects on which they fall, and accordingly 
are all felt by our skin as rays of heat. 

On the other hand, the eye only perceives one part of 
the?e vibrations of ether as light. It is not at all cogni- 
sant of the waves of great length, which I have compared 
with those of the ocean ; these, therefore, are named the 
dark heat-raye. Such are those which proceed from a 
warm but not red-hot stove, and which we recognise as 
heat, but not as light. 

Again, the waves of shortest length, which correspond 
with the very smallest ripples produced by a gentle breeze, 
are so slightly appreciated by the eye, that such rays are 
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bImo gpnetally regarded as invisible, and are knovni &a the 
Uark chemical rays. 

Between the very long and the very short wavea of 
et.lier there are waves of intermediate length, whicli 
sLrongly affect the eye, but do not easentially differ in 
any other physical property from the dark raya of heat 
and the dark chemical rays. The dlBtinction between tbe 
visible and invisible rays depends only on the different 
length of their wavea and the different physical relations 
which reault therefrom. We call these middle rays Light, 
bt^caiise they alone illuminate our eyes. 

When we consider tie heating property of these rays 
we also call them luminous heat; and because they pro- 
duce such a very different impression on our ekin ajid on 
our tfyea, heat was universally considered as an entirely 
different kind of radiation from light, imtil about tliirty 
years ago. But both kinds of radiation are inseparable 
from one another in the illuminating raya of the sun; 
indeed, the most careful recent investigations prove that 
they are precisely identical. To whatever optical pro- 
cesses they may be subjected, it is impossible to weaken 
their Illuminating power without at the same time, and 
in the same degree, diminishing their heating and their 
chemical action. Whatever produces an undulatory move- 
ment of ether, of course produces thereby all the effects 
of the undulation, whether light, or hea,t, or fluorescence, 
or chemical change. 

Those undulations which strongly affect our eyes, and 
which we call light, escite tbe impression of different 
coloui's, according to the length of the waves. The un- 
dulations with the longest waves appear to us red ; and 
as the length of the waves gradually dhninishes they 
seem to be golden-yellow, yellow, green, blue, violet, the 
last colour being that of the illimiinating rays whu^ 
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[ Have tbe smallest wave-length. This series of colours ia 
I iiDiversally ki<own in the rainbow. We also see it if we 
J 'ook towards the light through a glass prism, and a dia- 
J ttiond sparkles with hues which follaw in the same order. 
[ In passing through transparent prisms, the primitive 
I of white light, irhich consists of a multitude of 
raya of various colour and various wave-length, ia de- 
composed by the different degree of refraction of ita 
Beveral parts, refeiTed to in the last essay ; and thus 
each of ita component hues appears separately. These 
colours of the several primary forms of light are best 
Been in the spectrum produced by a narrow streak of light 
passing through a glass prism : they are at once the fullest 
aud the most brilliant which the external world can sliow. 
Wlien several of these colours are mixed together, they 
give the impression of a new colour, which generally 
seems more or less white. If they were all mingled in 
precisely the same proportions in which they are com- 
bined in the suu-Ught, they would give the impression of 
perfect white. According as the rays of greatest, middle, 
or least wave-length predominate in such a mixture, it 
appears as reddish- white, greenish- white, bluish-white, 
and BO on. 

Everyone who has watched a painter at work knows 
that two colom-s mixed together give a new one. Now, 
although the results of the mixture of coloured light 
differ in many particulars from those of the mixture of 
pigments, yet on the whole the appeai-ance to the eye ia 
similar in both cases. If we allow two different colom-ed 
lights to fall at the same time upon a white screen, or 
upou the same part of our retina, we see only a single 
compound colour, more or less different from the two 
original ones. 

The most striking difference between the mixture of 
pigments and that of coloured light is, that while 
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piiintera make green by mixing blue and yellow pig- 
ments, the union of blue and yellow raya of light pro- 
duces white. The aimplest way of mixing coloured light 
is shown in Fig. 33. P is a small flat piece of glass ; b and 
g are two coloured wafers. The 
observer looks at b through th» 
glass plate, while g is seen re- 
flected in the same ; and if g ia 
put in a proper position, its image 
exactly coincides with that of &> 

^ It then appears as if there was 

Fio. 33. "^^ , , 

a single wafer at o, with a colour 

produced by the mixture of the two real ones. In this 
experiment the light fi'om b, which traverses the glass 
pane, actually unites with that from g, which is re9ected 
from it, and the two combined pans on to the retina at 
o. In general, then, light, which consists of undu- 
lations of different wave-lengths, produces different im- 
pressions upon our eye, namely, those of different colours. 
But the nmnher of hues which we can reeognise is 
much smaller than that of the various possible com- 
binationa of rays with different wave-lengths which ex- 
ternal objects can convey to onr eyes. The retina 
cannot distinguish between the white which is pro- 
duced by the union of scarlet and bluiah-green light, 
and that which is composed of yellowish-green and 
violet, or of yellow and ultramarine blue, or of red, 
green, and violet, or of all the colours of the spectrum 
united. All these comtinationa appear identically as 
white ; and yet, from a physical point of view, they are 
very different. In fact, the only resemblance between 
the several combinations just mentioned is, that they are 
indistinguishable to the human eye. For instance, a sur- 
face illuminated with red and bluish-green light would 
come out black in a photograph ; while another lighted 
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wifh yellowish green and violet would appear very bright, 
althougli both surfaces alike seem to the eye to be simply 
white. Again, if we successively illuminate colom^ed ob- 
jects with white beams of light of various composition, 
they will appear differently coloured. And whenever we 
decompose two such beams by a prism, or look at them 
through a coloured glass, the difference between them at 
once becomes evident. 

Other colours, also, especially when they are not 
strongly pronounced, may, like pure white light, be 
composed of very different mixtures, and yet appear in- 
distinguishable to the eye, while in every other property, 
physical or chemical, they are entirely distinct. 

Newton first showed how to represent the Byst^m of 
colours distinguishable to the eye in a simple diagram- 
matic form ; and by the same means it is comparatively 
easy to demonstrate the law of the combination of colours. 
The primary colours of the spectrum are arranged in a 
series around the circumference of a circle, beginning with 
red, and by imperceptible degrees passing through the 
various hues of the rainbow to violet. The red and violet 
are united by shades of purple, which on the one side pass 
o£f to the indigo and blue tints, and on the other through 
crimson and scarlet to orange. The middle of the circle 
is left white, and on lines which run from the centre to 
the circumference are represented the various tints which 
can be produced by diluting the full colours of the cir- 
cumference until they pass into white. A colour-disc of 
this kind shows all the varieties of hue which can be 
produced with the same amount of light- 
It will now be found possible so to arrange the places 
of the several colours in this diagram, and the quantity 
of light which each reflects, that when we have ascer- 
tained the resultants of two colours of different known 
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strength of light (in the same way as we might determine 
the centre of gravity of two bodies of different known 
weighu), we ehall then find their combination-colour 
at the ' ceotre of gravity ' of the two amoimta of light 



Fio. 31. 




That is to say, that in a properly constructed colour-disc, 
the combination-colour of any two colours will be found 
upon a straight line drawn from between them ; and com- 
pound colours which contain more of one than of the 
other component hue, will be found in that proportion 
nearer to the former, and further from the latter. 

We find, however, when we have drawn our diagram, 
that those colours of the spectrum which are moat satu- 
rated in nature, and which must therefore be placed at 
the greatest distance from the central white, will not 
arrange themselves in the form of a circle. The circum- 
ference of the diagram preaenta three projections cor- 
responding to the red, the green, and the violet, so that 
the colour circle is more properly a triangle, with the 
comers rounded off, as seen in Fig. 34. The continuous 
line represents the curve of the colours of the spectrum, 
and the small circle in the middle the white. At the cor- 
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ners are the three colours I have mentioned,* and the sides 
of the triangle show the transitions from red through yellow 
into green, from green through bluish-green and ultra- 
marine to violet, and from violet through purple to scarlet. 
Newton used the diagram of the colours of the spectrum 
(in a somewhat different form from that just given) 
only as a convenient way of representing the facts to 
the eye ; but recently Maxwell has succeeded in de- 
monstrating the strict and even quantitative accuracy 
of the principles involved in the construction of this 
diagram. His method is to produce combinations of 
colours on swiftly rotating discs, painted of various tints 
in sectors. When such a disc is turned rapidly round, 
so that the eye can no longer follow the separate hues, 
they melt into a imiform combination-colour, and the 
quantity of light which belongs to each can be directly 
measured by the breadth of the sector of the circle it 
occupies. Now the combination-colours which are pro- 
duced in this manner are exactly those which would result 
if the same qualities of coloured light illuminated the 
same surface continuously, as can be experimentally 
proved. Thus have the relations of size and number 
been introduced into the apparently inaccessible region 
of colours, and their differences in quality have been 
reduced to relations of quantity. 

All differences between colours may be reduced to three, 
which may be described as difference of tone, difference of 
fulness, or, as it is technically called, ^ saturation,' and 
difference of brightness. The differences of tcme are those 
which exist between the several colours of the spectrum, 
and to which we give the names red, yellow, blue, violet, 
purple. Thus, with regard to tone, colours form a series 

' The author has restored violet as a primitive colour in accordance with 
the experiments of J. J. Miiller, having in the first edition adopted tho 
opinion of Maxwell that it is blue. 
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irhicb returns upon itself; a aeries which ve complete 
when we allow the t^rmioal colours of the rainbow to paw 
iato one another through purple and crimBon. It is in 
fact the same which we described as arranged around the 
circumference of the colour-disc, 

The/uln^s or saturation of colours is greatest in the 
pure tints of the spectrum, and becomes less in proportion 
as they are mixed with white light. This, at least, is 
true for colours produced by external light, but for oui! 
■ensations it is possible to increase still further the 
apparent saturation of colour, as we shall presently see. 
Pink is a whitish -crimson, flesh-colour a whitish-acarlet, 
and BO pale green, straw-colour, light blue, &c., are all 
produced by diluting the corresponding colours with 
white. All compound colours are, as a rule, less saturated 
than the simple tints of the spectrum. 

Iiastly, we have the difference oi brightness, or strength 
of light, which is not represented in the colour-disc. As 
long as we observe coloured rays of light, difference in 
brightness appears tobeonly one of quantity, not of quality. 
Black is only darkness— that is, simple absence of light. 
But when we examine the colours of external objects, black 
corresponds just as much to a peculiarity of surface in 
reflection, as does white, and therefore has as good a right 
to be called a colour. And as a matter of fact, we iind 
in common language a series of terms to express colours 
with a small amoimt of light. We call them dark (or 
rather in English, deep) when they have little light but are 
* full ' in tint, and grey when they are ' pale.' Thus dark 
blue conveys the idea of depth in tint, of a full blue with 
a small amount of light; while grey-blue is a pale blue 
with a small amount of light. In the same way, the 
colours known as maroon, brown and olive are dark, 
more or less saturated tinte of red, yellow and green re- 
spectively. 
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In thiB way we may reduce all possible actual (ob- 
jective) differences in colour, so far as they are appre- 
ciated by the eye, to three kinds ; difference of hue (tone), 
difference of fulness (saturation), and difference of amount 
of illumination (brightness). It is in this way that we de- 
scribe the system of colours in ordinary language. But we 
are able to express this threefold difference in another way. 

I said above that a properly constructed colour-disc 
approaches a triangle in its outline. Let us suppose for 
a moment that it is an exact rectilinear triangle, as made 
by the dotted line in Fig. 34 ; how far this differs from the 
actual condition we shall have afterwards to point out. 
Let the colours red, green, and violet be placed at the 
comers, then we see the law which was mentioned above : 
namely, that all the colours in the interior and on the 
sides of the triangle are compounds of the three at its 
comers. It follows that all differences of hue depend 
upon cornbvaations in different proportions of the three 
primary colours. It is best to consider the three just 
oamed as primary ; the old ones red, yellow, and blue are 
inconvenient, and were only chosen from experience of 
painters' colours. It is impossible to make a green out 
of blue and yellow light. 

We shall better understand the remarkable fact that we 
are able to refer all the varieties in the composition of 
external light to mixtures of three primitive colours, if 
in this respect we compare the eye with the ear. 

Sound, as I mentioned before, is, like light, an undulat- 
ing movement, spreading by waves. In the case of sound 
also, we have to distinguish waves of various length which 
produce upon our ear impressions of different quality. 
We recognise the long waves as low notes, the short 
as high-pitched, and the ear may receive at once many 
waves of sound — ^that is to say, many notes. But here 
these do not melt into compound notes, in the same way 
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tliat colours, wben perceived at the same time and plao 
melt into compound colours. The eye cannot teil 
difference, if we subatit-ute orange for red and yellow ; bn 
if we hear the notRS C and E sounded at the same tini 
we cannot put D instead of them, without entirel] 
changing the impresaion upon the ear. The most ooi 
plicated harmony of a full orcheatra becomes changed 
our perception if we alter any one of its notes. No accoi 
(or consonance of several tones) is, at least for the practisa 
ear, completely like another, composed of different tonei 
whereas, if the ear perceived musical tones as the ej( 
colours, every accord might he completely represented \ 
combining only three constant notes, one very low, 
very high, and one intermediate, simply changing tli 
relative strength of these three primary notes to prodoS 
all possible musical effects. 

In reality we find that an accord only remains 
changed to the ear, when the strength of each sepaistej 
tone which it contains remains unchanged. Accordingly, itl 
we wish to describe it exactly and completely, the strengii] 
of each of its component tones must be exactly stated. 

In the same way, the physical nature of a. particulv 
kind of light can only be fully ascertained by measuring 
and noting the amount of light of each of t.he simpls 
colours which it contains. But iu sunlight, in the light 
of most of the stars, and in flames, we find a continuoul 
transition of colours into one another through numberlesi 
intermediate gradations. Accordingly, we must ascertain 
the amount of light of an infinite number of compound 
rays if we would arrive at an exact physical knowledge of 
sun or starlight. In the sensations of the eye we need 
distinguish for this purpose only the varying intensitiei 
of three components. 

The practised musician is able to catch the separate 
aotes of the varioi^ instruments among the complicated 

I 
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of an entire orchestra, but the optician cannot 
ictly ascertain the composition of light by means of 
le eye ; he must make use of the prism to decompose 
le light for him. As soon, however, as this is done, 
LB composite character of light becomes apparent, and 
then distinguish the liglit of separate fixed stars 
rom one another by the dark and bright lines whicJi the 
pectrum shows him, and can recognise what chemical 
lements are contained in flames which are met with on 
lie earth, or even in the intense heat of the sun's at- 
mosphere, in the fixed stars, or in the nebuliE. The fact 
ihat light derived from each separate source carries with 
it certain permanent physical peculiarities is the founda- 
tion of spectral analysis — that most brilliant discovery of 
feuent years, which has opened the estreme limits of 
celestial space to chemical analysis. 

There is an extremely interesting and not very im- 
^ommon defect of sight which is known as colomr-blind- 
les3. In this condition the differences of colour are 
educed to a still more simple system than that described 
bove ; namely, to combinations of only two primary 
S0I0UT6. Persons so affected axe called colour-blmd, 
^cause they confound certain hues which appear very 
jiffereut to ordinary eyes. At the same time they dis- 
tinguish other colours, and that quite as accurately; or 
even (aa it seems) rather more accurately, than ordinary 
beople. They are usually ' red-bbnd ' ; that is to say, 
l^ere is no red in their system of colours, and accordingly 
fchey see no difference which is produced by the addition 
of red. All tints are for them varieties of blue and green 
or, as they call it, yellow. Accordingly scarlet, flesh- 
colour, white, and bluish-green appear to them to be 
identical, or at the utmost to differ in brightness. The 
same applies to crimson, violet, and blue, and to red, 
orange, yellow, and green. The scarlet flowers of the 
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geratiium have for them exactly the same colours M 
leaves. They cannot distinguish between the red and 
green signals of trains. They cannot see the red 
of the spectrum at all. Very full scarlet appears to 
almoBt Mack, so that a red-blind Scotch clergyman 
to buy Bcarlet cloth for his gown, thinking it waa blacW 

In this particular of discrimination of colours, 
remarkable inequalities in different parts of the 
In the first place all of us are red-blind in the outei 
part of our field of vision. A geranium-blossom wlf 
moved backwards and forwards just within the field 
sight, is only recognised as a moving object. Its coloM 
is nob seen, so that if it is waved in front of 
of leaves of the same plant it cannot be distinguished 
from them in hue. In fact, all red colours appear mucli 
darker when viewed indirectly. This red-blind part of the 
retina is most extensive on the inner or nasal aide of the 
field of vision ; and according to recent researches of 
Woinow, there is at the furthest limit of the visible field 
a narrow zone in which all distinction of colours ceasea 
and there only remain differences of briglitness. In this 
outermost circle everything appears white, grey, or black. 
Probably those nervous fibres which convey impressions 
of green light are alone present in this part of the retina. 

In the second place, as I have already mentioned, the 
middle of the retina, just -around the central pit, is 
coloured yellow. This makes all blue light appear some- 
what darker in the centre of the field of sight. The 
effect is particularly striking with mixtures of red and 
gi'eenish-blue, which appear white when looked at directly, 
but acquire a blue tint when viewed at a alight distance 

' A fiirailtir Binry is told of riolton, the author of the 'Atomic Thcoiy.' 
Ho WB8 s Quaker, and went lo the Friends' Meeting, at MaQchosler, in ■ 
pair of acurlot BtockiDgB, which some wag had put in place of his ordinal] 
d»rk grey ones. — Tb, 



THE SENSATION OF SIGHT. 249 

fora tbe middle of the field ; and, on the other hand, 
'hen they appear white here, are red to direct vision, 
^ese inequalities of the retina, like the olbera men 
SoDed in the former essay, are rectified by the con- 
"tant movements of the eye. We know from the pale 
md indistinct colours of the external world as usually 
teen, what impressions of indirect vision correspond to 
iose of direct ; and we thus learn, to judge of Lhe coloica 
>f objects according to the impression which they would 
ike on ua if seen directly. The result is, that only 
lusual combinations and unusual or special direction of 
.ttention enable us to recognise the difference of which I 
lave been speaking. 
The theory of colours, with all these marvellous and 
implicated relations, was a riddle which Goethe in vain 
^attempted to solve ; nor were we physicists and physio- 
.logists more successful. I include myself in the number ; 
;for I long toiled at the task, without getting any 
nearer my object, until I at last discovered that a 
wonderfully simple solution had been discovered at the 
beginning of this century, and had been in print ever 
since for any one to read who chose. This solution was 
found and published by the same Thomas Young ' who 
first showed the right method of arriving at the in- 
terpretation of Egyptian hieroglyphics. He was one 
of the most acute men who ever lived, but had the 
misfortune to be too far in advance of his contempo- 
raries. They looked on him with astonishment, but could 
not follow his bold speculations, and thus a mass of his 
most important thoughts remained buried and forgotten 
in the 'Transactions of the Royal Society,' until a later 
generation by slow degrees arrived at tlie rediscovery of 
his discoveries, and came to appreciate the force of his 
urguments and the accuracy of bis conclusions. 

Burn at Milvertua, in Somersetshire, 1773, died 182S. 
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ition. Juat ax the difference of seiiHiition of light and 
ith depends demonBtrably upon whether the raya of 
fall upon nei-ves of sight or nerveB of feeling, so 
in Young's hypothesis that the difference 
ition of colours depends simply upon whether one 
other kind of nervous fibres are more strongly 
When all three kinds are equally excited, the 
the sensation of white light, 
phenomena that occur in red-blind d ess must be 
ondition in which the one kind of nerves, 
'are sensitive to red rays, are incapable of excita- 
It is possible that this clfiss of fibres are wanting, 
at least very sparingly distributed, along the edge of 
retina, even in the normal human eye. 
It must be confessed that both in men and in quadru- 
■e at present no anatomical basis for this 
leory of colours ; but Mas Schultze has discovered a strnc- 
ire iu birds and reptiles which manifestly corresponds 
ith what we should expect to find. In the eyes of many 
E this group of animals there are found among the rods 
F the retina a niunber which contain a red drop of oil in 
deir anterior end, that namely which is turned towards 
le light ; while other rods contain a yellow drop, and 
thera none at all. Now there can be no doubt that red 
yight will reach the rods with a red drop much better 
^an light of any other coloiu-, while yellow and green 
light, on the contrary, will find easiest entrance to tlie 
rods with the yellow drop. Bine light would be shut off 
^most completely from both, but would afiect the colour- 
less rods all the more effectually. We may therefore with 
great probability regard those rods as the terminal organs 
of those nervous fibres which respectively convey impres- 
sions of red, of yellow, and of blue light. 

I have myself subsequently found a similar hypothesis 
very convenient and well fitted to explain in a most 
13 
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■iraple manner certain peculiarities which have 
obaerved in the perception of musical notes, peculii 
U enigiDatical as those we have been considering 
tho rytN In the cochlea of the internal ear the ends 
of the nerve fibres lie regularly spread out side by Bide, 1% 
Mid provided with minute elastic appendages (the rodi 
of Corl.i) arranged like the keys and hammers of a pitmo. I in 
Mj hypothesis is, that here each separate nerve fibre ii 
constructed so as to take cognizance of a definite note, M 
which iti< elastic fibre vibrates in perfect consouaoce. 
This is not the place to describe the special characters of 
our sensations of musical tones which led me to frame 
this hypothesis. Its analogy with Young'3 theory ot 
colours is obWous, and it refers the origin of overtones, 
the perception of the quality of sounds, the difference 
between consonance and dissonance, the formation of the 
niusical scale and other acoustic phenomena to as sim- 
ple a principle as that of Young. But in the case I 
of the oar, I could poiut to a much more distinct 
anatomical foundation for such a hypothesis, and since 
that time, I have been able actually to demonstrate the 
relation supposed ; not, it is true, in man or any verte- 
brate animals, whose labyrinth lies too deep for experi- 
ment, but in some of the marine Crustacea. These animals 
have external appendages to their organs of hearing 
which may be observed in the living animal, jointed fila- 
ments to which the fibres of the auditory nerve are'dis- 
tributed ; and Hensen, of Kiel, has satisfied himself that 
some of these filaments are set in motion by certain not^i, 
and others by different ones. 

It remains to reply to an objection against Young's 
theory of colour. I mentioned above that the outline rf 
the colour-disc, which marks the position of the most 
saturated colours (those of the spectrum), approaches to a 
triangle in form ; but our conclusions upon the theory of 
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He three primary colours depend upon a perfect rectUinear 
riaugle inclosing the complete colour-systemj for ouly in 
it&t case is it possible to produce all possible tints by 
nirlous combinations of the three primary colours at tbe 
angles. It must, however, be remembered that tbe 
colour-disc only includes tho entire series of colours 
which actually occur in nature, while our theory has to 
l-do witb the analysis of oiu aubjective sensations of colour, 
^'e need then only assume that actual coloured light does 
not produce sensations of absolutely pure colour ; that 
red, for instance, even when completely freed from all ad- 
mixture of white light, still does not excite those nervous 
fibres alone which are sensitive to impressions of red, but 
also, to a very slight degree, those which are sensitive to 
green, and perhaps to a still Bmaller extent those which 
are sensitive to violet rays. If this be so, then the sen- 
sation which the purest red Bght produces in the eye is 
still not the pmest sensation of red which we can con- 
ceive of as possible. This sensation could only be called 
forth by a fuller, purer, more saturated red than has ever 
been seen in this world. 

It is possible to verify this conclusion. We are alile 
to produce artificially a sensation of the kind I have de- 
Bcribed. This fact is not only important as a complete 
answer to a possible objection to Young's theory, but is 
also, as will readily be seen, of the greatest importance 
for imderstanding the real value of our sensations of 
colour. In order to describe the experiment I must first 
give an account of a new series of phenomena. 

The resiUt of nervous action is fatigue, and this will be 
proportioned to the activity of the function performed, 
and the time of its continuance. The blood, on the other 
hand, which flows in through the arteries, is constantly 
performing its function, replacing used material by fresh, 
»nd thus carrying away the chemical results of func- 
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tional activity; that is to say, removing the source of 
fotigue. 

The procesa of fatigue as the resiilt of nervous action, 
takee place in the eye as well as other organs. When the 
entire retina hecomes tired, as when we spend some time 
iu t)ie open air in brilliant sunsbine, it becomes insensible 
to weaker light, so that if we pass immediately into a 
dimly lighted room we see nothing at first ; we are blinded, 
u we call it, by the previous brightness. After a time 
the eye recovers itself, and at last we are able to see, and 
even to read, by the same dim light which at first ap- 
peared complete darkness. 

It is thus that fatigue of the entire retina shows itself. 
Kut it is possible for separate parts of that membrane to 
liecome exhausted, if they alone have received a strong 
light. If we look steadily for some time at any bright 
object, surrounded by a dark background — it is necessary 
to look steadily in order that the image may remain quiet 
upon the retina, and thus fatigue a ebarplj defined por- 
tion of its surface — and afterwards turn our eyes upon a 
uniform dark-grey surface, we see projected upon it an 
after-image of the bright object we were looking at just 
before, with the same outline but with reversed illumina- 
tion. Wbat was dark appears bright, and what was 
bright dark, like the first negative of a photographer. By 
carefully fixing the attention, it is possible to produce 
very elaborate after-images, so much so that occasionally 
even printing can be distinguished in them. This phe- 
nomenon is the result of a local fatigue of the retina. 
Those parts of the membrane upon which the bright light 
fell before, are now less sensitive to the light of the dark- 
gi^ey backgroimd than the neighbouring regions, and 
there now appears a dark spot upon the really tmiform 
Bur&ce, corresponding in extent to the surface at the 
retina which before recei\ed the bright liglit. 
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may here remark that illuminated sheete of whita 
ir are sufficiently bright to produce this after-image. 
we look at much brighter objects — at flames, or at the 
teun itself^the effect becomes complicated. The strong 
«xcitemeut of the retina does not pass away immediately, 
Tmt produces a direct or positive after-image, which at 
first unites with the negative or indirect one pioduced by 
the fatigue of the retina. Besides this, the effects of the 
different coIoiu-b of white light differ both in duration and 
intensity, so that the after-images become coloured, and 
the whole phenomenon much more complicated.) 

By means of these after-images it is easy to convince 
oneself that the impression produced by a bright surface 
begins to diminish after the first second, and that by the 
end of a single minute it has lost from a qiiarter to half 
of its intensity. The simplest form of experiment for 
this object is as follows. Cover half of a white sheet of 
paper with a black one, fix the eye upon some point of 
the white sheet near the margin of the black, and after 
30 to 60 seconds draw the black sheet quickly away, 
without losing sight of the point. The half of the white 
sheet which is then exposed appears suddenly of the most 
bL-illiant brightness ; and thus it becomes apparent how 
very much the first impression produced by the upper half 
of the sheet had become blunted and weakened, even in 
the short time taken by the experiment. And yet, what 
is also important to remark, the observer does not at all 
notice this fact, until the contrast brings it before him. 

Lastly, it is possible to produce a partial fatigue of the 
retina in another way. We may tire it for certain colours, 
only, by exposing either the entire retina, or a portion of 
it, for a certain time (from half a minute to five minutes); 
to one and the same eoloiu'. According to Young's theory,' 
only one or two kinds of the optic nerve fibres will theo 
be fatigued, those namely which are sensitive to impj'e*- 
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BioDS of the colour in question. All the rest will 
unaffected. The result is, that when the after-ii 
appears, red, we will suppose, upon a grey back^ 
the uniformly mixed light of the latter can only pi 
senaatious of green and violet in the part of the 
which has become fatigued hy red light. Thia part 
made red-blind for the time. The after-image accord- 
ingly appears of a bluish green, the complementary colour 
to red. 

It is hy this means that we are able to produce ni 
the retina the pure and primitive sensationfl of satu- 
rated colours. If, for instance, we wish to see pure red, 
we fatigue a part of our retina by the bluish green of 
the spectrum, which is the complementary colour of 
red. We thus make this part at once green-blind and 
violet-blind. We then throw the after-image upon the 
red of aa perfect a priamatic spectrum as poaaible ; the 
image immediately appears in fuU and burning red, while 
the red light of the spectrum which surrounds it, althou^ 
the purest that the world can offer, now seems to the un- 
fatigued part of the retina, leas saturated than the after- 
image, and looks as if it were covered by a whitish mist. 

These facts are perhaps enough. I will not accumu- 
late further details, to understand which it would he 
necessary to ent«r upon lengthy descriptions of many 
separate experiments. 

We have already seen enough to answer the question 
whether it is possible to maintain the natural and innate 
conviction that the quality of our sensations, and espe- 
cially our sensations of sight, give us a true impression of 
corresponding qualities in the outer world. It is clear 
tliat they do not. The question was really decided hy 
Johannes Miiller's deduction from well ascertained facta 
of the la v of specific uer\ouB energj-. Whether the raj9 
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i sun appear to us as colour, or as warmth, does not 
d depend upon tlieir own properties, but simply upon 
Hier they excite the fibres of the optic nerve, or those 
e skill. Pressure upon the eyeball, a feeble current 
Bctricity passed through it, a narcotic drug carried to 

B retina by the blood, are capable of exciting the sen- 
f ation of light just as well as the siinbeams. The moRt 
complete difference offered by our several sensations, that 
namely between those of sight, of hearing, of taste, of 
smell, and of touch — this deepest of all distinctions, so 
deep that it is impossible to draw any comparison of like- 
ness, or unlikeness, between the sensations of colour 
and of musical tones — does not, as we now see, at all de- 
pend upon the nature of the external object, but solely 
upon the central connectioos of the nen'es which are 
affected. 

We now see that the question whether within the 
special range of each particular sense it is possible to 
discover a coincidence between its objects and the sen- 
sations they produce is of only subordinate interest. 
What colour the waves of ether shall appear to us when 
they are perceived by the optic nerve depends upon their 
length. The system of naturally visible colours offers us 
a series of varieties in the composition of light, but the 
number of those varieties is wonderfully reduced from an 
unlimited number to only three. Inasmuch as the most 
important property of the eye is its minute appreciation 
of locality, and as it is so much more perfectly organised 
for this purpose than the ear, we may be well content 
that it is capable of recognising comparatively few 
differences in quality of light; the ear, which in the 
latter respect is so enormously better provided, has scarcely 
any power of appreciating differences of locality. But 
it is certainly matter for astonishment to any one who 
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trusts to the direct information of his natiiriil senses, that I 
neither the limits within which the Bpectrum affects our 1 
eyes, nor the differences of colour which alone re 
as the simplified effect of all the actual differences of I 
light in kind, should have any other demonstrable import | 
than for the sense of sight. Light which is precisely the [ 
same to our eyes, may in all other physical and chemical 1 
effects be completely different. Lastly, we find that the ] 
unmixed primitive elements of all our sensations of I 
colour (the perception of the simple primary tints) can- 
not be produced by any kind of external light in the 
natural unfatigued condition of the eye. These ele- 
mentary sensations of colour can only be called forth by 
artificial preparation of the organ, so that, in tad, 
they only esiat as subjective phenomena. We see, there- 
fore, that as to any correspondence in kind of exter- 
nal light with the sensations it produces, there is only 
one bond of connection between them, a bond which at 
first sight may seem slender enough, but is in fact quite 
BuEBcient to lead to an infinite number of most useful 
applications. This law of correspondence between what 
is subjective and objective in vision is as follows: — 

Similar light pi'oduaea undm- tike conditions a like 
sensation of colour. Light which under like conditions 
excites unlike sensations of colour ia disai'mHaT. 

When two relations cori'espond to one another in this 
manner, the one is a sign for the other. Hitherto the 
notions ofa' sign' and of an 'image' or representation have 
not been carefully enough distinguished in the theory of 
perception ; and this seems to me to have been the source 
of numberless mistakes and false hypotheses. In an 
' image ' the representation must be of the same kind as 
that which is represented. Indeed, it is only so far an 
image as it ia like in kind, A statue is an image of 
a man, bo far as its form reproduces his : even if it is 
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a. Bmaller scale, every diraenBion will be 

in proportion. A picture ia an image or 

KBpresentation of the original, firat because it represents 

Ithe colours of the latter by similar colours, secondly be- 

I cause it represents a part of its relations in space — those, 

I namely, which belong to perspective — by corresponding 

I delations in space. "^ 

Functional cerebral activity and tbe mental conceptions 

which go wifcb it may be 'images' of actual occurrences 

in the outer world, so (ar as the former represent the 

sequence in time of the latter, so fiir as they represent 

likeness of objects by likeness of signs — that is, a regular 

arrangement by a regular ari'angement. 

This is obviously sufficient to enable the understanding 
to deduce what is constant from the varied changes of 
the external world, and to formulate it as a notion or a 
law. That it is also sufficient for all practical puTposeB_ 
we aball see in the next cbapter. But not only un- 
educated persons, who ai'e accustomed to trust blindly to 
their senses, even the educated, who know that their 
senses may be deceived, are inclined to demur to so com- 
plete a want of any closer correspondence in kind between 
actual objects and the sensations they produce than the 
law I have just expounded. For instance, natural pbilo- 
Bopbera long hesitated to admit the identity of the rays 
of light and of heat, and exhausted all passible means of 
escaping a conclusion which seemed to contradict the 
evidence of their senses. 

Another example is tbat of Goethe, as I have en- 
deavoured to show elsewhere. He was led to contradicf, 
Newton's theory of colours, because he could not persuatia 
himself that white, which appears to our sensation as tne 
purest manifestation of the brightest light, could be com- 
posed of darker colours. It was Newton's discovery rf 
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the composition of liglit that was the first germ of the 
modem doctrine of tbe true functions of the senses ; and 
in the writings of his cont^-mporary, Locke, were correctly 
laid down the most important principles on which the 
right interpretation of sensible qualities depends. But, 
hiiWfver clearly we may feel that here lies the difGciilty 
for a large number of people, I have never found the 
opposite conviction of certainty derived from the sensea 
•0 distinctly pxpi-cssed that it is possible to lay hold of 
thi> point of error : and the reason seems to me to lie in 
ttiL^ fact that beneath the popular notions on the subject 
lie other and more fimdumentally erroneous concep- 
tions. 

We muot not be led astray by confounding the notions 
of a phenomenon and an appearance. The colours of 
objects are phenomena caused by certain real differences 
in their constitution. They are, according to the scientific 
as well as to the uninstructed view, no mere appearance, 
even though the way in which they appear depends chiefly 
upon the constitution of our nervous systcni. A ' decep- 
tive appearance ' is tbe result of the normal phenomena 
of one object being confounded with those of another. 
Rut tbe sensation of colour is by no means deceptive 
appear.ince. There ia no other way in which colour 
can appear; so that there is nothing which ve could 
describe aa tbe normal phenomenon, in distinction 
from the impreadions of colour received through the 
eye. 

Here the principal difficulty seems to me to lie in the 
notion of quality. All difficulty vanishes aa soon as we 
clearly understand that each quality or property of a thing 
is, in reality, nothing else but its capability of exercising 
certain efiects upon other things. These actions either 
go on between similar parts of the same body, and so 
produce the c'liferences of its aggregate condition j 
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ihey proceed from one body upon another, as in the 
af ctemical reactions ; or they produce their effect on out] 
organs of special sense, and are there recog^iised as flfiTi^a- 
tions, as those of sight, with which we have now to do. 
Any of these actiona is called & ' property,' when its 
object is understood without being expressly mentioned. 
Thus, when we speak of the ' solubility ' of a substance, 
■we mean its behaviour toward water ; when we speak of 
its ' weight,' we mean its attraction to the etirth ; and in 
the same way we may correctly call a substance ' blue,' 
understanding, as a tacit assumption, that we are only 
speaking of its action upon a nojinal eye. 

But if what we call a property always implies an action 
of one thing on another, then a property or quality can 
never depend upon the natiu-e of one agent alone, but 
exists only in relation to, and dependent on, the nature 
of some second object, which is acted upon. Hence, 
there ia really no meaning in talking of properties of" 
light which belong to it absolutely, independent of all. 
other objects, and which we may expect to find repre- 
sented in the sensations of the human eye. The notion 
of such properties is a contradiction in itself. They 
cannot possibly exist, and therefore we cannot expect to 
find any coincidence of our sensations of colour with.' 
qualities of light. 

These considerations have natumlly long ago su^ 
gested themselves to thoughtful minds ; they may be 
found clearly expressed in the writings of Locke and 
Herbart,' and they are completely in accordance with 
Kant's philosophy. But in former times, they demanded 
a more than usual power of abstraction, in order that 
their truth should be understood ; whereas now the fecta 

' Johann Friedrieh Herbart, born 177B, diad 1841, profesBor of philo.; 
Bophy at Konlgsberg; and Gotlinpen. autlior of I'ijichologie ah Jtu»n»' 
liA^(, ntiigegrundet auf Erfahrnng, MHaphysik iind Mutktmatik. 
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which we have, laid liefore the reader illustrate them in 
lh« cleari'st 



Aft«r this excursion into the world of abstract ideas, 
we return once more to the subject of colour, and will 
now examine it as a sensible ' sign ' of certain external 
qualities, either of light itself or of the objectB which 
reflect it. 

It is essential for a good sign to be constant — that is, 
the same sign must always denote the same object. Now, 
we have already seen that in this particular our sensations 
of colom* are imperfect ; they are not quite uniform over 
the entire field of the retina. But the constant move- 
ment of the eye supplies this imperfection, in the same 
way as it makes up for the unequal sensitiveness of the 
diSfrent parts of the retina to form. 

We have also seen that when the retina becomes tired, 
the intensity of the impresHOn produced on it rapidly 
dimiuisliea, but here again the usual effect of the constant 
movements of the eye is to equalise the fatigue of the 
various parts, and hence we rarely see after-images. If 
they appear at all, it is in the case of brilliant objects like 
very bright flames, or the sun itself. And, so long as the 
fatigue of the entire retina is uniform, the relative 
brightness and colour of the different objects in sight 
remains almost unchanged, so that the effect of fetigue 
is gradually to weaken the apparent illmnination of the 
entire field of vision. 

This brings us to consider the differences in the pictures 
presented by the eye, which depend on different degrees 
of illumination. Here again we meet with instructive 
fiicts. We look at esternal objects under light of very 
different intensity, varying from the most dazzling sun- 
shine to the pale beams of the moon ; and the light of 
Che full moon is 150,000 times less than that of the si 
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Moreover, the colour of the illuminaticin may vary 
greatLy. Tims, we aometimeB employ artificial light, and 
this is always more or less orange in colour ; or the 
satural daylight is altered, as we see it in the green shade 
:of an arbour, or in a room with coloured carpets and 
curtains. Aa the hrightueas and the colour of the illu- 
mination changes, so of course will the brightness and 
colour of the light which the illuminated objects reflect 
to our eyes, since all differeuces in local colour depend 
Upon different bodies reflecting and absorbing ■ 
proportions of the several luys of the sun. Cin: 
reflects the rays of great wave length without any obvious 
loss, while it absorbs almost the whole of the other rays. 
Accordingly, this substance appears of the same red colour 
aa the beams which it throws back into the eye. If it is 
illuminated with light of some other colour, without any 
mixture of red, it appears almost black. 

These observations teach what we find confirmed by- 
daily experience in a hundred ways, that the apparent 
colour and brightness of illuminated objects varies with 
the colour and brightness of the illumination. This is a, 
fact of the first importance for the painter, for many of 
his finest effects depend on it. 

But what is most important practically is for ub to be 
able to recognise surrotmding objects when we see them: 
it is only seldom that, for some artistic or scientific pur- 
pose, we turn our attention to the way in which they ai-e 
illuminated. Now what is constant in the colour of an 
object is not the brightness and colour of the light which 
it reflects, but the relation between the intensity of the i 
different coloured constituents of this light, on the one ' 
hand, and that of the corresponding constituents of the 
light which illuminates it on the other. This proportion 
alone is the expression of a constant property of Hm 
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CoDsidcred theoretically, the task of judgiDg of thi 
colour ul' a body under changing illumination would seem 
to be impossible ; but in practice we soon find tbat wa 
are able *-o judge of local colour without the least un- 
certainty or hesitation, and under the most different 
conditions. For instance, white paper in full moooliglit 
is darker than black satin in daylight, but we never find 
any difficulty in recognising the paper as white and the 
satin as black. Indeed, it is much more difBcult to 
eattsfy ourselves that a dark object with the sun shining 
on it reflects light of exactly the same colour, and 
perhaps the same brightness, as a white object in sha- 
dow, than that the proper colour of a white paper in 
shadow is the same as that of a si.eet of the same kind 
lying close to it in the sunliy;ht. Grey seems to us 
something altogether different from white, and bo it is, 
regarded as a proper colour ; ' for anything which only 
re8ects half the light it receives must have a different 
surface from one which reflects it all. And yet the im- 
pression upon the retina of a grey surface under illumi- 
nation may be absolutely identical with that of a white 
surface in the shade. Every painter represents a white 
object in shadow by means of grey pigment, and if he 
has correctly imitated nature, it appears pure white. In 
order to convince one's self of the identity in this respect 
— i.e. as illumination colours — of grey and white, the 
following experiment may be tried. Cut out a circle in 
grey paper, and concentrate a strong beam of light upon 
it with a lens, so that the limits of the illumination 
exactly correspond with those of the grey circle. It will 

' The local or proper colour of nn object (Kiirjierfarbe) is that which it 
cbowa in common nhibe ligbt, while thu ' ilium i nation-colour.' its I huve 
trajjelated IAeh(/arbt, is that which is produced by coloured light,. Thus 
the red of aome nandslone rocka bud bj common vhile light ie their proper 
colour, that of a snow mountuin in the nyt of the setting buu ib aa il lu 
m [nation -col our.— To. _^^| 
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then be impossible to tell that there is any artificial il- 
lumination at all. The grey looks white.' 

We may assume, and the assumption is justified by 
certain phenomena of contrast, that illumination of the 
brightest wliite we can produce, gives a true crit«rion for 
judging of the darker objects in the neighbourhctod, since, 
imder ordinary circumstances, the brightness of any proper 
colour diminishes in proportion as the illumination is 
diminished, or the fatigue of the retina increased. 

This relation holds even for extreme degrees of illu- 
mination, so far as the objective intensity of the light ifl 
concerned, but not for our sensation. Under illiunination 
BO brilliant as to approach what would be blinding, degreea 
of brightness of light-coloured objects become less and 
less distinguishable ; and, in the same way, when tha 
illumination is very feeble, we are unable to appreciate 
slight differences in the amount of light reflected by dark 
objects. The result is that in sunshine local colours of 
moderate brightness approach the brightest, whereas in 
■ moonlight they approach the darkest. The painter utilises 
this difference in order to represent noonday or midnight 
scenes, although pictures, which are usually seen in uni- 
form daylight, do not really admit of any difference of 
brightness approaching that between sunshine and 
light. To represent the former, he paints the objects of 
m,oderate brightness almost as bright as the brightest ; for 
the latter, he makes them almost as dark as the darkest. 

The effect is assisted by another difference in the sen- 
sation produced by the same actual conditions of light and 
colotir. If the brightness of various colours is equally in- 
creased, that of red and yellow becomes apparently stronger 
than that of blue. Thus, if we select a red and a blue paper 
which appear of the same brightness in ordinary daylight,. 

' Tha demon Btral inn is itinre striking if Iho grey disk ib pluced oi 
of white paper io difluecd ligliL— Tb. 



} 



26f; RECEXT PROGItESS OF THE TnEORY OF VJSIOS. 

thp ri'd wema miioh brigliter in full sunlight, the bine in 
moonlight or starlight. This peculiarity in our perception 
ia also made use of by painters j they make yellow tints 
predominate when representing landscapes in full bod- 
shiue, while every object of a moonlight scene is given a 
Bhadii of blue. But it is not only local colour which ia 
thus affected ; the same is true of the colours of the 
spectrum. 

These examples show very plainly how independent our 
judgment of cylours is of their actual amount of illu- 
m.ination. In the same way, it is scarcely affected by the 
colour of the Illumination We know, of course, in a 
general way that candle-light is yellowish compared with 
daylight^ but we only learn to appreciate how much the 
two kinds of illumination differ in colour when we bring 
them together of the same intensity — as, for example, in 
the experiment of coloured shadows. If we admit light 
from a cloudy sky through a narrow opening into a dark 
room, 90 that it falls sideways on a borizoutal sheet of 
white paper, while candle-light falls on it from the other 
side, and if we then hold a pencil vertically upon the 
paper, it will of course throw two shadows : the one made 
by the daylight will be orange, and looks so ; the other 
made by the candle-light ia really white, but appears blue 
by contrast. The blue and the orange of the two shadows 
are both colours which we call white, when we see them 
by daylight and candle-light respectively. Seen to- 
gether, they appear as two very different and tolerably 
saturated colours, yet we do not hesitate a moment in 
recognising white paper by candle-light as white, and 
very different from orange.' 

The most remarkable of this series of facts is that we 
can separate the colour of any transparent medium from 
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of objects seen through it. This is proved by a 
^^^^ber of experiments contrived to illustrate the effects 
contrast. If we look through a green veil at a field of 
■^^w, although the light reflected from it must really 
^~Ve a greenish tint when it reaches our eyes, yet it 
t^^ars, on the contrary, of a reddish tint, from the effect 
^ the indirect after-image of green. So completely 
■^^e we able to separate the light which belongs to the 
"^^^anuparent medium from that of the objects seea 
^*fcTough it.' 

The changes of colour in the two last experiments aift 
lown as phenomena of contrast. They consist in mis- 
"%akea as to local colour, which for the most part depend 
tipon imperfectly defined after-imagea.* This effect is 
known as successive controBt, and is experienced when the 
eye passes over a series of coloured objects. But a similar 
mistake may result from our custom of judging of local 
colour according to the brightness and colour of the 
various objects seen at the same time. If these relations 
happen to be different from what is usual, contrast phe- 
nomena ensue. When, for example, objects are seen 
under two different coloured illuminations, or through 
two different coloured media (whether real or apparent), 
these conditions produce what is called simultaneoua 
contract. Thus in the experiment described above of 
coloured shadows thrown by daylight and candle-light, 
the doubly illuminated surface of the paper being the 
brightest object seen, gives a false criterion for white. Com- 
pared with it, the really white but less bright light of the 
shadow thrown, by tlie candle looks blue. Moreover, in 
these curious effects of contraat, we must take into account 
' A numbor of aimilur eiperiments will be found desucibed in the 
■nthor's Uandbuch der ph/iiologhckea Optik, pp. 398-411. 

' Thrae aftDr-imuges have been deaeribcd as ' nccidental images,' poBJtiTa j 
L Then of the game coloar as tbe original colour, negntiye nheu of the cc 
■ ^emenlar; oilour. — Tb. 
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tlint dilTvrences in senaation which are easily appie- 
headed appear to ua greater than those less obvious. 
Differences of colour which are actually before our eyea 
are more easily apprehended than those which we only 
keep in memory, and contrasts between objects which are 
close to one another in the iield of vision are more eaeily 
recognised than when they are at a distance. All thia 
contributes to the effect. Indeed, there are a number of 
subordinate circumstances affecting the result which it 
would be very interesting to follow out in detail, for they 
throw groat light upon the way in which we judge of 
local colour : but we must not pursue the inquiry further 
here. I will only remark that all tliese effects of contrast 
are not less interesting for the scientific painter than for 
the physiologist, since he must often exaggerate the 
natural phenomena of contrast, in order to produce the 
impression of greater varieties of light and greater fulness 
of colour than can be actually produced by artificial 
pigments. 

Here we must leave the theory of the Sensations of 
Sight. This part of oiu- inquiry has shown us that the 
qualities of these sensations can only be regarded as signs 
of certain different qualities, which belong sometimes to 
light itself, sometimes to the bodies it illuminates, but 
that there is not a single actual quality of the objects 
seen which precisely corresponds to our sensations of sight- 
Nay, we have seen that, even regarded as signs of real 
phenomena in the outer world, they do not possess the 
one essential requisite of a complete system of signs — 
namely, constancy — with anything like completeness ; so 
that all that we can say of oiu sensations of sight is, 
that ' under similar conditions, the qualities of this sen- 
sation appear in the same way for the same objects,' 

And yet, in spite of all this imperfection, we have also 
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that by means of so inconstant a system of signs, 

are able to accomplish the most important part of our 

to recognise the same proper colours wherever they 

; and, considering the difficulties in the way, it ia 

irising how well we succeed. Out of this inconstant 

^stem of brightness and of colours, varying according to 

le illumination, varying according to the fatigue of the 

ina, varying according to the part of it affected, we are 
Bfcble to determine the proper colour of any object, the one 
Constant phenomenon which corresponds to a constant 
^^oality of its surface ; and this we can do, not after long 
consideration, but by an instantaneous and involuntary 
decision. 

The inaccuracies and imperfections of the eye as an . 
optical instrument, and those which belong to the image 
on the retina, now appear insignificant in comparison with 
the incongruities which we have met with in the field of 
sensation. One might almost beUeve that Nature had 
here contradicted herself on purpose, in order to destroy , 
any dream of a pre-existing harmony between the outer 
and the inner world, 

And what progress have we made in our task of ex- 
plaining Sight ? It might seem that we are farther t 
than ever ; the riddle only more complicated, and less 
hope than ever of finding out the answer. The reader 
may perhaps feel inclined to reproach Science with only 
knowing how to break up witl fruitless criticism the fair 
world presented to us by our senses, in order to annihi- 
late the fragments. 

Woel woe! 

Thou hast destroyed 

The beautiful world 

With powerful fiat; 

In ruin 'tis hurled. 

By the blow of a demigod shattered. 
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The acattered 

Pra^mmis into ihe Toid we carry. 

Deploring 

The beauty perished beyond restoring.' 

and may feel determined to stick fast to the • sound com. 
mon sense ' of mankind, and believe his own senses more 
than physiology. 

But there is still a. part of our investigation which we 
have not touched — that into our conceptions of space. 
Ijot Ufl se* whether, after all, our natural reliance upon the 
accuracy of what our afenses teach us, will not be justified 
even before the tribunal of Science. ^M 



m. TsB Perception of Sioht. 

The colours which have been the subject of the laat 
chapter are not only an ornament we should be sorry to 
lose, but are also a means of assisting us in the distinction 
and recognition of external objects. But the importance 
of colour for this purpose is far less than the means which 
the rapid and far-reaching power of the eye gives us of 
distinguishing the various relations of locality. No other 
sense can be compared with the eye in this respect. The 
sense of touch, it is true, can distinguish relations of 
space, and has the special power of judging of all matter 
' Bojard Trtjloi's translation of the pasBoga in Fauetz — 

Ha hast aie zersturt 

Die Khona Walt 

Hit machltger Fanst ; 

Sie atOFzl, eie zarfaUt, 

Kd Halbgott hat sie zerschlagaB. 

Wir trugOQ 

Die Trummern ins Nichla hiniibR^ 

Und tdagan 

TJaliBC die verfome Schone, 
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Hin reach, at once aa to resistance, volume, and weight; 
the ranffe of touch ia limited, and the distinction it 
—*l make between small distances ia not nearly so accu- 
*-^A as that of sight. Yet the sense of touch ia sufficient, 
* etpcriments upon persons bom blind have proved, to 
" ^^*"Telop complete notions of space. This proves that the 
"^^Bsession of sight is not necessary for the formation of 
7^**se conceptions, and we shall soon see that we are con- 
^^*UalIy controlling and correcting the notions of locality 
^^^ved from the eye by the help of the sense o£ touch, 
^*1<J always accept the impressions on the latter sense as 
r^^cisive. The two senses, which really have the same 
^*Mk, though with very different means of accomplishing 
% happily supply each other's deficiencies. Touch is a 
^^stworthy and experienced servant, but enjoys only a 
*mited range, while sight rivals the boldest flights of 
taacy in penetrating to illimitable distances. 

This combination of the two senses ia of great im- 
portance for onr present task ; for, since we have here 
only to do with vision, and since touch is sufficient to 
produce complete conceptions of locality, we may 
these conceptions to be already complete, at least in thai 
general outline, and may, accordingly, confine our in- 
vestigation to ascertaining the common point of agree- 
ment between the visual and tactile perceptions of space. 
The question how it is poBsible for any conception of 
locality to arise from either or both of these sensations, 
■will leave till last. 

It ia obvious, fi-om a consideration of well-known fa 
ttat the distribution of our sensations among nervous 
structures sepai'ated from one another does not at all 
necessarily bring with it the conception that the causes of 
these sensations are locally separate. For example, we 
may have sensations of light, of warmth, of various notes 
of music, and also perhaps of an odoiu-, in the same room, 
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Rod may recognise that all tbese agents are diffused 
throujiti tlio air of the room at the same time, and without 
any difference of locality. When a compound colour 
falls upon the retina, we are conscious of three separate 
el(-raentary imprcwiona, probably conveyed by separate 
nerves, without any power of distinguishing them. We 
hear in a note struck on a stringed instrument or in the 
human voice, different tones at the same time, one fun- 
damental, and a series of harmonic overtones, which also 
are probably received by different nerves, and yet we are 
unuble to separat« them in space. Many articles of food 
produce a different impression of ta^te upon different 
parts of the tongue, and also produce sensations of odour 
by their volatile particles ascending into the nostrils 
from behind. But tbese different sensations, recognised 
by different parts of the nervous system, are usually 
completely and inseparably united in the compound sen 
sation which we call taste. 

No doubt, with a little attention it is possible t« 
ascertain the parts of the body which receive these sen- 
sations, but, even when these are known to be locally 
separate, it does not follow that we must conceive of the 
Bources of these sensations as separated in the same 
way. 

We find a corresponding fact in the physiology of sight 
— namely, that we see only a single object with our two 
eyes, although the impression is conveyed by two distinct 
nerves, In fact, both phenomena are examples of a more 
universal law. 

Hence, when we find that a plane optical image of the 
objects in the iield of vision is produced on the retina, 
and that the different parts of this image excite different 
fibres of the optic nerve, this is not a sufficient ground 
for our referring the sensations thus produced to locally 
distinct regions of our field of vision. Something eke 
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clearly be added to produce the notion of Beparatio^J 
ice. m 

K^3%e Eense of touch offers precisely the same problemiV 

■^~**ien two different parta of the skin are touched at the - 
ta time, two different sensitive nerves are excited, hut 
I local separation between those two nerves is not a 
Ecient ground for our rocogmition of the two parts 
»ich have been touched as distinct, and for the concep- 
Dn of two different external objects which folIowB, 
ideed, this conception will vary according to circum- ' 
ances. If we touch the table with two fingers, and fee|:l 
ider each a grain of sand, we suppose that there are two I 
parate grains of sand ; but if we place the two fingeis-j 
l^^ne against the other, and a grain of sand between themjl 
1 5<re may have the same sensations of touch in the same J 
"two nerves as before, and yet, tmder these circiunstancesj J 
we suppose that there is only a single grain. In this case,. 1 
our consciousness of the position of the fingers has ob- 
viously an iufluence upon the result at which the mind 
arrives. This is further proved by the experiment of 
crossing two fingers one over the other, and putting e 
marble between them, when the single object will prodtu 
in the mind the conception of two, 

What, then, is it which comes to help the anatomical ■ 
distinction in locality between the different sensitive 
nerves, and, in cases like those I have mentioned, produces 
the notion of separation in space ? In attempting to • 
answer this question, we cannot avoid a controversy whicd 
has not yet been decided. 
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Some physiologists, following the lead of Johannes 
Miiller, would answer that the retina or shin, being itself 
an organ which is extended in space, perceives impressions 
which carry with them this quality of extension in space ; 
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difference. If it were not so, it would be impossible to 
distinguish any local difference in the field of vision. The 
sensation of red, when it falls upon the right side of the 
retina, must in some way be different from the sensation 
of the same red when it affects the left side ; and, more- 
over, this difference between the two sensations must be 
of another kind from that which we recognise when the 
same spot in the retina is successively affected by two 
different shades of red. Lotze ^ has named this difference 
"between the sensations which the same colour excites 
when it affects different parts of the retina, the local sign 
of the sensation. We are for the present ignorant of the 
nature of this difference, but I adopt the name given by 
Lotze as a convenient expression. While it would be 
premature to form any further hypothesis as to the 
nature of these * local signs,' there can be no doubt 
of their existence, for it follows from the fact that we 
are able to distinguish local differences in the field of 
vision. 

The difference, therefore, between the two opposing 
views is as follows. The Empirical Theory regards the 
local signs (whatever they really may be) as signs the 
signification of which must be learnt, and is actually 
learnt, in order to g,rrive at a knowledge of the external 
world. It is not at all necessary to suppose any kind of 
correspondence between these local signs and the actual 
differences of locality which they signify. The Innate 
Theory, on the other hand, supposes that the local signs 
are nothing else than direct conceptions of differences 
in space as such, both in their nature and their magni- 
tude. 

' Rudolf Hermann Lotee, Professor in the University of Gottingen, 
originally a disciple of Herbart (v. supra), author of Allgenieine Phi/siologie 
des menschlicken Korpers, 1861. — Tb. 
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The nmlrr will ace Iwnr the solgect of oar j 
MHairy iovolres the ooanderatioD of that &r-re 
oppintion betweca the n«tem of philoeopfaj which a^W 
ttwet a pre-existing hanaony of the laws nf mental I 
opemtiona with thoae of the outer world, and the system I 
w.ild attempts to derive all cotrespondence between I, 
mind and matter from the reaulta of experience. 

80 long as we confine ooiaelves to the observation of a 
"field of two dimensions, the iodividnal parts of which 
utter no, or, at any tate, no recognisable, difference in 
their distances from the eye — so long, for instance, ae 
we only look at the sky and distant parts of the land- 
scape, both the above theories practically offer an equally 
good explanation of the way in which we form concep- 
tions of local relations in the field of vision. The extension 
of the retinal image corresponds to the extension of the 
actual image presented by the objects before us ; or, at 
all events, there are no incongruities which may not be 
reconciled with the Innate Theory of sight without any 
very difficult assumptions or explanations. 

The first of these incongruitiee is that in the retinal 
picture the top and bottom and the right and left of the 
actual image are inverted. This is seen in Fig. 30 to 
result from the rays of light crossing as they enter tha 
pupil ; the point a is the retinal image of A, b of B. 
This has always been a diflBculty in the theory of vision, 
and many hypotheses have been invented to explain it- 
Two of these have survived. We may, with Johannes 
Miiller, regard the conception of upper and lower as only 
a relative distinction, so far as sight is concerned- — that 
is, as only affecting the relation of the one to the other; 
and we must further suppose that the feeling of corre- 
spondence between what is upper in the sense of sight and 
in the sense of touch is only acquired by experience, 
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Rre Bee the hands, which feel, moving in the field of 
Or, aecondly, we may assume with Fick ' that, 
11 impresaions upon the retina must be conveyed to 
lin in order to be there perceived, the nerves of I 
tglit and those of feeling are bo arranged in the brain as 
*» produce a correspondence between the notiona they i 
>**gge8t of upper and under, right and left- This sup- ) 
position has, however, no pret«nce of any anatomical facta i 
to support it. 

The second difficulty for the Intuitive Theory is that, 
^hile we have two retinal pictures, we do not see double. 
0?his difficulty was met by the assumption that both retina 
hen they are excited produce only a single sensation in 
"the brain, and that the several points of each retina corre- 
spond with each other, so that each pair of corresponding or 
' identical ' points produces the sensation of a single one. 
Now there is an actual anatomical arrangement which 
might perhaps support this hypothesis. The two optic 
nerves cross before entering tie brain, and thus become 
united. Pathological observations make it probable that 
the nerve-fibres from the right-band halves of both retime 
pass to the right cerebral hemisphere, those from the left 
halves to the left hemisphere.' But although correspond- 
ing nerve-fibres would thus be brought close together, it 
has not yet been shown that they actually unite in tha 
br&in. 

' Lndwig Fict, late Professor of Modicine in tho UniTBraity of Marburg, 
tilt brotiiBr of Prof. Adolf Fick, of Ziirtch. 

• Wb may comparo the nrrangemeat to that of tho ri 
honea : the inner flbrea only of each optic nervB croea, so that those which 
rDD to the right half of the brain are the outer fibres of tho right sad the 
ImiBr of the left retina, while those which run to the left cerebral heir ' 
sphere are the outer fibres of the left and the inner of the right rotini 
JQBt ae the inner rclna of both horsea cross, so that the outer rein of the off ] 
horae and tho ianer of Iha near one run together to the drirer's right hand, J 
while the inner rein of the off and the outer of the d< 
left band,— Tb. 
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Tbese two difficulties do not apply to the Empirical 
Theory, since it only supposes that the actual Bensihle 
'sign,' whether it be simple or complex, is recognised aa 
the sign of that vhich it ugnifiea. Ad uningtruct«d 
persoD is as sure as possible of the notions he derives 
from his eyesight, without ever knowing that he has two 
retiusp, that there is an inverted picture on each, or that 
tlit-re is such a thing as an optic nerve to be excited, or a 
brain to receive the impression. He is not troubled by 
his retinal images being inverted and double. He knowa 
what impression such and siich an object in such and 
such a position makes on him through his - eyesight, 
and governs himself accordingly. But the possibility of 
learning the signification of the local signs which belong 
to our sensations of sight, so as to be able to recognise 
the actual relations which they denote, depends, first, ofl 
our having movable parts of our own body within sight ; 
BO that, when we once know by means of touch what rela- 
tion in space and what movement is, we can further 
leam what changes in the impressions on the eye cor- 
respond to the voluntary movements of a hand which we 
can see. In the second place, when we move oiu' eyes 
while looking at a field of vision filled with objects at 
rest, the retina, as it moves, changes its relation to the 
almost unchanged position of the retinal picture. We 
thus leam what impression the same object makes upon 
different parts of the retina. An unchanged retinal 
picture, passing over the retina as the eye turns, is like a 
pair of compasses which we move over a drawing in order 
to measure its parts. Even if the ' local signs ' of sensa- 
tion were quite arbitrary, thrown together without any 
systematic arrangement (a supposition which I regard aa 
improbable), it would still be possible by means of the 
movements of the hand and of the eye, as just describedi 
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p aacertain which eigns go togetlier, and which correspond 
Sl different regions of the retina to points at similar 
^atances in the two dimensiona of the field of vision. 
IChia is in accordance with esperimenta by Fechner,' 
'Jolkmann,* and myself, which prove that even the fully 
■^^eioped eye of an adult can only accurately compare 
■tile size of those lines or angles in the field of vision, the 
..images of which can be thrown one after another upon 
■! precisely the eame spot of the retina by means of the 
ordinary movements of the eye. 

Moreover, we may convince ouraelves by a simple ex- 
periment that the harmonious results of the perceptiong 
of feeling and of sight depend, even in the adult, upon a 
Constant comparison of the two, by means of the retinal 
Jucturee of our hands as they move. If we put on a pair 
flf spectaclea with prismatic glasses, the two flat surfaces 
of which converge towards the right, all objects appear to 
be moved over to the right. If we now try to touch any- 
thing we see, taking care to shut the eyes before the hand 
appears in sight, it passes to tho right of the object ; but 
if we follow the movement of the hand with the eye, we 
are able to touch what we intend, by bringing the retinal 
image of the hand up to that of the object. Again, if 
we handle the object for one or two minutes, watching 
it all the time, a fresh correspondence is formed between 
the eye and the hand, in spite of the deceptive glass, 
GO that we are now able to touch the object with per- 
fect certainty, even when the eyes are shut. And we 
can even do the same with the other band without seeing 
it, which proves that it is not the perception of touch 

' QuBtav Theodor Fechner, author of Elimmte dcr Pei/<:hoph!/si&, 18B0 ; 
also inown aa n sntiriEt.. — Te. 

■ Alfred Wilhalm Volltmnnn, sueceasively ProfesBOr of PhjBioIogy at 
Leipzig, Dorput, and Halle; author of Phi/aologiscAe Vntertvchungeti m 
GibiitB der Oplik, 1S61, &c.— Tb. 
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which has been rectified by comparieon with the fabe 
rct.iiml imnges, but, on the contrary, the perception of 
night which hae been corrected by that of touch. But, 
a^in, if, after trying tliis experiment several times, we 
ll take off the epcctacles and then look at any object, taking 

care not to bring our bands into the field of vision, and 
now try to touch it with our eyes shut, the hand will paES 
beyond it on tho opposite side — that is, to the left. The 
new harmony which was established between the percep- 
tions of sight and of touch continues its effects, and thus 
leads to fresh mistakes when the normal conditions are 
restored. 

In preparing objects with needles under a compouDd 
microscope, we roust team to harmonise the inverted mi- 
croscopical image with our muBcular sense ; and we have 
to get over a similar difficulty in shaving before a look- 
ing-glass, which changes right to left. 

These instances, in which the image presented in the 
two dimensions of the field of vision is essentiaUy of the 
same kind as the retinal images, and resembles them, can 
be equally well explained (or nearly bo) by the two oppo- 
sitt 1 heories of vision to which I have referred. But it is 
quite another matter when we pass to the obser^^atioir of 
near objects of three dimensions. In this case there is a 
thorough and complste incongruity between oiir retinal 
images on the one band, and, on the other, the actual 
condition of the objects as well as the correct impression 
of them which we receive. Here we are compelled to 
choose between the two opposite theories, and accordingly 
tills department of our subject. — the explanation of oui 
Perception of Solidity or Depth in the field of vision, and 
that of binocular vision on which the former chiefly 
depends — has for many years become the field of much 
^^^^avestisfstion and no little controversy. And no woih^ 



TOE PERCErnOX OF SIGHT. 

der, for we have already learned enough to see that tha 
questions which have here to be decided are of funda* 
tnental importance, not only for the physiology of sighti 
but for a correct undfirBfauding of the true nature ami 
limits of human knowledge generally. 

Each of OUT ejea projects a plane image upon its own 
retina. However we may suppose the conducting nerves 
to be arranged, the two retinal images when united ia 
brain can only reappear as a plane image. Bat 
of the two plane retinal images, we find that 
actual impression on oar mind is a solid image of 
three dimengionB, Here, again, as in the system of 
eolours, the outer world is richer than our sensation by 
one dimension ; but in this case the conception formed 
by the mind completely represents the reality of the 
outer world. It is important to remember that thij 
perception of depth is fully as vivid, direct, and exact 
as that of the plane dimensiona of the field of vision. 
If a man takes a leap from one rock to another, his life 
depends just as much upon his rightly estimating the 
distance of tlie rock on which he is to alight, as upon 
hia not misjudging its position, right or left; and, aa 
a matter of experience, we find that we can do the one 
just as quickly and as surely as the other. 

In what way can this appreciation of what we call 
depth, solidity, and direct distance come about ? Let 
us first ascertain what are the facta. 

At the outset of tlie enquiry we must bear in mind 
that the perception of the solid form of objects and 
of their relative distance from us is not quite absent, 
even when we look at theui with only one eye and 
without changing our positi<»n. Now the means which 
we possess in this case are just the same as those whicli 
+he painter can employ in order to give the figures on 
his canvas the appearance of bein^ solid objects, and of 
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■landing at ditTurent distances from the spectator. It is 
I«rt uf a |)ainter*s merit for his figures to stand out 
boldly. Now how does he produce the illusion? We 
shall find, in the first place, that in painting a landscape 
he likes to have the sun near the horizon, which gives 
him strong shadows; fur these throw objects in the 
foreground into bold relief. West be prefers an atmo- 
sphere which is not quite clear, because slight obscurity 
makes the distance appear far off. Then he is fond of 
bringing in figures of men and cattle, because, by help of 
these objects of known size, we can easily measure the 
size and distance of other parts of the scene. Lastly, 
houses and other regular productions of art are also 
useful for giving a clue to the meaning of the picture, 
since they enable us easily to recognise the position of 
horizontal siufaces. The representation of solid fonna 
by drawings in correct perspective is most successful in 
the case of objects of regular and symmetrical shape, 
such aa buildings, machines, and Implements of various 
kinds. For we know that all of these are chiefly bounded 
either by planes which meet at a right angle or by 
spherical and cylindrical surfaces ; and this is sufficient 
to supply what the drawing does not directly show. 
Jtoreover, in the case of figures of men or animals, our 
knowledge that the two aides ate symmetrical further 
assists the impression conveyed. 

But objects of unknown and irregular shape, as rocks 
or masses of ice, baflle the skill of the most consummate 
artist ; and even their representation in the most com- 
plete and perfect manner possible, b/ means of photo- 
graphy, often shows nothing hut a confused mass of 
black and white. Yet, when we have these objects in 
reality before our eyes, a single glance is enough for 
us to recognise their form. 

The first who clearly showed in what points it 



1 




THE PERCEPTION OF SIGHT. 283'l 



^^^ppoEsible for any picture to represent actual objecU was '1 
V ^wie great master of painting, Leonardo da Vinci,' who I 
^raa almost as distinguished in natural philosophy a 
*il He pointed out in Ills Trattato della Pittura, that J 
"^ views of the outer world presented by each of our 1 
^yes are not precisely fhe same. Each eye e 
**tinal image a perspective view of the objects which ^ 
fie before it ; but, inasmuch as it occupies a f 
(UfiFerent position in space from the other, its point 
Of view and so its whole perspective image is dif- 
ferent. If I hold up my finger and look at it first 
■*ith tbe right and then with the left eye, it covers, 
in the picture seen l>y the latter, a part of the opposite 
Vail of the room which is more to the right than in 
the pictiure seen by the right eye. If I hold up my right 
hand with the thumb towards me, I see with the right 
eye more of tbe back of tbe hand, with the left more 
of the palm ; and the same effect is produced whenever 
we look at bodies of which the several parts are at i 
different distances from our eyes. But when I look at a ' 
hand represented in the same position in a painting, the 
right eye will see exactly the same figure as the left, and 
Just as much of either the palm or the back of it. Tbua 
we see that actual solid objects present different pictures 
to the two eyes, while a painting shows only the same. 
Hence follows a difference in the impression made upon 
the sight which the utmost perfection in a representation . 
on a flat surface cannot supply. 

The clearest proof that seeing with two eyes, and th< 
difference of the pictures presented by each, constitutQ^ 

' Born at Vinci, near Floroncfl, 1432 ; died at Cloui, m 
Mr. Hullam says of his ecientiflc writings, tliat tbey nrs 
tions of phjfiii^l truths vouchsafed Ui a single mind, than the f 
Btructuro of its reasoning upon any flstabliBhed baeis. , . . Hb first 
down the grand principle of Bacon, chat eiperimi^nt and obiietvatiun n 
ba the guides to just thsory in the investigiitioa of m ' ~ 
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the most important cause of our perception of a thiic 
dimfUKion in the field of viaion, has boen fumislied 
WlicitUlone'a invention of the Btereoacope.' I may assume 
that this instrument and the peculiar illusion which it 
produces are well known. By its help we see the solid 
shape of the objects represented on the stereoscopic 
slide, with the same complete evidence of the senses with 
wbicb we should look at the real objects themselves. 
This illusion is produced by presenting' somewhat dif- 
ferent pictures to the two eyes — to the right, one which 
represents the object in perspective aa it would appear 
to that eye, and to the left one as it would appear to the 
left.. If the pictures are otherwise exact and"drawn from 
two different points of view corresponding to the positiou 
of the two eyes, as can be easily done by photography, we 
receive on looking into the stereoscope precisely the same 
impression in black and white as the object itself would 
give. 

Anyone who has sufficient control over the movements 
of his eyes does not need the help of an instrument in 
order to combine the two pictures on a stereoscopic slide 
Into a single solid image. It is only necessary so to 
direct the eyes, that each of them shall at the same time 
see corresponding points in the two pictures; but it is 
easier to do so by help of an instrument which will 
apparently bring the two pictures to the same place. 

In WLeatstone's original stereoscope, represented in 
Kig. 35, the observer looked with the right eye into the 
mirror b, and with the left into the mirror a. Both 
mirrors were placed at an angle to the observer's line of 
sight, and the two pictures were so placed at k and g 
that their reflected images appeared at the same place 
behind the two mirrors; but the right eye saw the 



D the Philosophical TViratarfiois for 1838,— Th. 
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e fif in the mirror b, while tlie left saw the picture 
I the mirror a, 

^more convenient instrument, though It does not 
Fio. 3a. 




give auch sharply defined effects, is tlie ordinary stereo- 
scope of Brewster,' hh'iwn iu Fig. 36. Here the two 




pictmeB are placed on the same slide and laid in tha 

■ Sir Darid BrewBtec, Frafeeaoi of Mathematics at Edmbuigh, b 
1781, died 1868.— Tb, 
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lowor part of the stereoscope, which ia divided by a 
partition s. Two slightly prismatic glasses with couvei 
Bur&oes are fixed at the top of the instrument which 
show tbe pictures somewhat further off, somewhat vm^- 
nified, and at tho eame time overlnppiag each other, 
BO that hoth appear to be in the middle of tlie instru- 
ment. The section of the double eye-piece shown in 
Fig. 37 exhibits the position and shape of the right and 
led prisms. Thus both pictures are apparently brougbt 
to the same spot, and each eye sees only the otie which 
belongs to it. 
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The illusion prodrced hy the stereoscope is most 
obvious and striking when other means of recognising 
the form of an object fail. This is the case with geo- 
metrical outlines of solid figures, such as diagrams of 
crystals, and also with representations of irregular objecl 
especially when they are transparent, so that tbe shadow! 
do not fall as we are accustomed to see them in opaque 
objects. Thus gla<;ier8 in stereoscopic photographs oft< 
appear to the unassisted eye an incomprehensible chaoj 
of black and white, but when seen through a stereoecopa 
tho clear transparent ice, with its fissures and polished, 
surfaces, comes out as if it were real. It has oftea: 
liappened that when I have seen for the first time build- 
iugs, cities or landscapes, with which I was familiaf 
from stereoscopic pictures, they seemed familiar to. 
me ; but I never experienced this impression after sea^ 
ing any number of ordinary pictures, because these, 
but BO imperfectly represent the real effect upon thfl. 
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The accuracy of the stereoscope is no less wonderful. 
3)0TB ' has contrived an ingenious illuatratioa of this. 
T^o two pieces of paper printed with the same type, or 
from the same copper-plate, and hence exactly alike, and 
put them in the stereoscope in place of the two ordinary 
photographs. They will then unite into a single com- 
pletely flat image, because, as we have seen ahove, the 
t\?o retinal images of a flat picture are identical. But 
Ho human skill ia able to copy the letters of one cop- 
perplate on to another so perfectly that there shall not 
te some difference between tbem. If, therefore, we print 
^)£F the same sentence from the original plate and a copy 
of it, or the same letters with different specimens of the 
same type, and put the two pieces of paper into the ste- 
reoscope, some lines will appear nearer and some farther 
off than the rest. This is the easiest way of detecting 
spurious bank notes. A suspected one is put in a stereo- 
scope along with a genuine specimen of the same kind, 
and it is then at once seen whether all the marks in the 
combined image appear on the same plane. This ex- 
periment is also important for the theory of vision, since 
it teaches us in a most striking manner how vivid, sure, 
and minute is our judgment as to depth derived from 
the combination of the two retinal images. 

"We now come to the question how is it possible for 
two different flat perspective images upon the retina, 
each of them representing only two dimensions, to com- 
bine HO as to present a solid image of three dimen- 
sions. 

' Heinrich Wlhelm Dove, ProfeBsor in the Unireisity of Berlin, author 
of Opiitche Sitidien (18S9); also emjnent for Ma reaeiLrcEies in meteoRilogy 
kod electricity. 

Hia paper, Anwendung dee Siereoskofs vmfalschea von ecAlcm FajHergeld 
ra unierKheiden, wua published la 1863. — Th. 
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n'e tniut first make Rtire that we are really able to 
diiitfti^iliili between the twit flat images oSered na by 
our eyoa. If I hold my tinger up and look towards the 
opjiosite wall, it covers a different part of the wall to 
each eye, as I mentioned above. Accordingly I Bee the 
finger twice, in front of two different places on the wall : 
and if I Bee a single image of the wall I must see a doubls 
imago of the finger. 

Now in ordinary vietoQ we try to recognise the solicl 
form of surrounding objects, and either do not notice this 
double image at all, or only when it is unusnally striking. 
In order to see it we must look at the field of vision 
in another way — in the way that an artist docs who 
intends to draw it. He tries to forget the actual shape, 
sire, and distance of the objects that he represents. One 
would think that this is the more simple and original 
way of seeing things ; and hitherto most physiologists 
have regarded it as the kind of vision which results 
most directly from sensation, while they have looked on 
ordinary solid vision as a secondary way of seeing things, 
which has to be learned as the result of eiperience. But 
every draughtsman knows how much harder it is to 
appreciate the apparent form in which objects appeal 
in the field of vision, and to measure the angular 
distance between them, than to recognise what is their 
actual form and comparative size. In fact, the knowledge 
of the true relations of surrounding objects of which the 
artist cannot divest himself, is his greatest difficulty in 
drawing from nature. 

Accordingly, if we look at the field of vision with both 
eyes, in tlie way an artist does, fixing our attention upon the 
outlines, as they would appear if projected on a pane 
of gloss between us and them, we then become at once 
uware of the difference between the two retinal images. 
Wo see those objects double which He further off 
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nearer than the point at which we are looking, and are 
not too far removed from it laterally to admit of their 
position being sufficiently seen. At first we can only 
recognise double images of objects at very different 
distances from the eye, but by practice they will be Been 
with objects at nearly the same distance. 

All these phenomena, and others like them, of double 
images of objects seen with both eyes, may be reduced 
to a simple rule which was laid down by Johannes 
Miiller : — ' For each point of one retina there is on the 
other a correspOTuling point.' In the ordinary flat field 
of vision presented by the two ejes, the images received 
by corresponding points as a rule coincide, while images 
received by those which do not correspond do not co- 
incide. The corresponding points in each retina (without 
noticing slight deviations) are those which are situated 
at the same lateral and vertical distance from the point 
of the retina at which rays of light come to a focus when 
we fix the eye for exact vision, namely, the yellow spot. 

The reader will remember that the intuitive theory 
of vision of necessity assumes a complete combination 
of those sensations which are excited by impressions 
upon corresponding, or, as Miiller calls them, ' identical ' 
points. This supposition was most fully expressed in 
the anatomical hypothesis, that two nerve fibres which 
arise from corresponding points of the two retinse actually 
unite so as to form a single fibre, either at the commissure 
of the optic nerves or in the brain itself. I may, how- 
ever, remark that Johannes Uliiller did not definitely 
commit himself to this mechanical explanation, although 
he suggested its possibility. He wished his law of iden- 
tical points to be regarded simply as an expression of 
facts, and only insisted that the position in the field of 
rieion of the images they receive is always the same. 

But a difficulty arose. The distinction tetween the 
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dMiUe imtigtm m ooiBpcndrelj aapatecL, wbeaenx H m 
yombU to eoolKae them into ■ ea^ n«« ; a diikiag 
cw ttfM t to tlie «xtnoidiBai7 pneiuon with vhich, as 
Dot* bai •bom), we cui jndgo of rtereoacofnc reliefl Yet 
the latter powcf depends vpoo tike aune differeoces between 
the two retiml pictores which caiue the ^eiMioeDOQ of 
double Inagea. The slight difference of distance betwieeo 
tb« objectii represented in the right and left half of a 
•tereoMopie photograph, which suffices to produce the 
moflt ■Lriking effect of solidity, must be increaeed twenty 
or thirty-foM before it can be rew^nised in the produe- 
tiun of a double image, even if we suppose the most 
careful observation by one who is well practised in the 
experiment. 

Agtiiii, there are a number of other circumstances which 
tnnke tlie recognition of double images either easy or 
difficulL The most striking instance of the latter is the 
effect of relief. The more vivid the impression of solidity, 
the more difficult are double images to see, bo that 
it ia easier to see them in stereoscopic pictures than 
in the actual objects they represent. On the other hand, 
the observation of double images is facilitated by varying 
the colour and brightness of the lines in the two stereo- 
scopic pictures, or by putting lines in both which exactly 
correspond, and so will make more evident by contrast 
llio imperfect coalescence of the other lines. All these 
eircumstanccB ought to have no influence, if the com- 
bination of tho two images in our sensation depended 
upon any anatomical arrangement of the conducting 
nerves. 

Again, after the invention of the stereoscope, a 

fresh difficulty arose in explaining our perceptions of 

solidity by the differences between the two retinal 

images. First, Briicke ' called attention to a series 

' IWossor of Pbjaiulogj- ia Ito Uoivareitj cf Vit 



J 



THE PERCEPTION OF SIGHT. 291 

of facts which apparently made it possible to reconcile 
the new phenomena discovered with the theory of the 
innate identity of the seosations conveyed by tlae two 
retinie. If we carefully follow the way in which we 
look at stereoacopic pictures or at teal objects, we 
notice that the eye follows the different outlines one 
after another, so that we see the ' fixed point ' at each 
moment single, while the other points appear double. 
But, usually, our attention is concentrated upon the 
fixed point, and we observe the double images so little 
that to many people they are a new and surprising phe- 
nomenon when first pointed out. Now since in following 
the outlines of these pictui-es, or of an actual image, we 
move the eyes unequally this way and that, sometimes 
they converge, and sometimes diverge, according as we 
look at points of the outline which are apparently nearer 
or further off; and these differences in movement may 
give rise to the impression of different degrees of distance 
of the several Hues. 

Now it is quite true, that by this movement of the 
eye while looking at stereoscopic outlines, we gain a 
much more clear and esact image of the raised surface 
they represent, than if we fix our attention upon a single 
point. Perhaps the simple reason is that when we move 
the eyes we look at eveiy point of the figure in suc- 
cession di/rectly, and therefore see it much more sharply 
defined than when we see only one point directly and the 
others indirectly. But Briicke's hypothesis, that the 
perception of solidity is only produd^d by this movement 
of the eyes, was disproved by experiments made by Dove, 
which showed that the peculiar illusion of stereoBcopic 
pictures is also produced when they are illuminated 
with an electric spark. The light then lasts for less 
than the four thousandth part of a second. In this 
time heavy bodies move so little, even at great velocities. 
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that they seem to be at rest. Hence there cannot be the 
slit^btest movement of the eye, while the spark lasts, 
which can possibly be recognised; and yet we receive 
the complete Jmpreaaon of stereoscopic relief. 

Secondly, such a combination of the sensations of 
the two eyes as the anatomical hypotheaia assumes, is 
proved not to exist by the phenomenon of stereoscopic 
lastTe, which was alao discovered by Dove. If the same 
surface is made white in one stereoscopic picture and 
black in another, the combined image appears to shine, 
though the paper itself is quite dull. Stereoscopic draw- 
ings of crystals are made so that one shows white lines 
on a black ground, and the other black linea on a white 
groimd. When looked at through a stereoscope they give 
the impreeaion of a solid crystal of shining graphite. By 
the same means it is possible to produce in stereoscopic 
photographs the still more beautiful effect of the sheen 
of water or of leaves. 

The explanation of this curious phenomenon is as 
foIlcwB :— A duU surface, like unglazed white paper, 
reflects the light which falls on it equally in all direc- 
tions, and, therefore, always looks equally bright, from 
whatever point it is seen ; hence, of course, it appears 
ei^ually bright to both eyes. On the other baud, a 
polished surface, beside tlie refleoted light which it 
scatters equally in all directions, throws back other beams 
by regular reflection, which only pass in detinite directions. 
Now one eve may receive this regularly reflected light 
and the other not ; the surface will then appear much 
brighter to the one than to the other, and, as this can only 
happen with shining bodies, the eifect of the black and 
white stereoscopic pictures appears like that of a polished 
surface. 

Now if there were a complete combination of the 
impressions produced upon both retinte, the union of 
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white and black would give grey. The fact, therefore, 
that when they are actually combined in the stereoacope 
they produce the effect of liistre, that is to say, an 
effect which cannot be produced by any kind of uniform 
grey surface, proves that the impressions on the two 
retinse are not combined into one sensation. 

That, again, this effect of stereoscopic lustre does not 
depend upon an alternation between the perceptions 
of the two eyes, on what is called the 'rivalry of the 
retince,' is proved by illuminating stereoscopic pictures 
for an instant with the electric spark. The same effect 
ia perfectly produced. 

In the third place, it can be proved, not only that the 
images received by the two eyes do not coalesce in our 
sensation, but that the two Bensations which we receive 
from the two eyes are not exactly similar, that they can, 
on the contrary, be readily distinguished. For if the sen- 
Bation given by the right eye were indistinguishably the 
same as that given by the left, it would follow that, at 
least in the case of the electric spark (when no movements 
of the eye can help us in distinguishing the two images), 
it would make no difference whether we saw the right 
hand stereoscopic picture with the right eye, and the left 
with the left, or put the two pictures into the stereo- 
scope reversed, so as to see that intended for the right 
eye with the left, and that intended for the left eye 
with the right. But practically we find that it makes 
all the difference, for if we make the two pictures change 
places, the relief appears to be inverted : what should be 
further off seems nearer, what should stand out seems 
to fall back. Now, since when we look at objects by 
the momentary light of the electric spark, they always 
appear in their true relief and never reversed, it follows 
that the impression produced on the right eye is not 
indistinguishable &om that on the left. 
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Lastly, there are some very curious and interesting 
phenomena seen when two pictures are put before the 
two eyes at the sarne time which cannot be conibined so 
as to present the appearance of a single object. If, for 
example, we look with one eye at a page of print, and 
with the other at an engraving,' there follows what is 
called the ' rivalry ' of the two fields of vision. The two 
images are not then seen at the same time, one covering 
the other ; but at some points one prevails, and at others 
the other. If they are equally distinct, the places where 
one or the other appears usually change after a few 
seconds. But if the engraving presents anywhere in the 
iield of vision a uniform white or black surface, then 
the printed letters which occupy the same position in the 
image presented to the other eye, wilt usually prevail 
exclusively over the uniform surface of the engraving. In 
spite, however, of what former observers have said to the 
contrary, I maintain that it is possible for the observer at 
any moment to control this rivalry by voluntary direction 
of his attention. If be tries to read the printed sheet, the 
letters remain visible, at least at the spot where for the 
moment he is reading. If, on the contrary, be tries to 
follow the outline and shadows of the engraving, then 
these prevail. I find, moreover, that it is possible to fix 
the attention upon a very feebly illuminated object, and 
make it prevail over a much brighter one, which coincides 
with it in the retinal image of the other eye. Thus, I 
can follow the watermarks of a white piece of paper and 
cease to see strongly-marked black figures in the other 
field. Hence the retinal rivalry is not a trial of strength 
between two sensations, but depends upon our fixing 

' Tha pmetised obastrcr ia able to do thU without any appntatuB, bnt 
moet persiinB will flud it neceiieaiy la put the Iva objects ia a Btereoseon 
or, at least, to hold a book, or a sheet of paper, or the hanil in fri -— ^ 
tuee, to lerre for Iks partition in the gtareoBCope. — To. 
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on failing to fix the attention. Indeed there is scarcely 
any phenomenon so well fitted for the Btudj of the caiisea 
which are capable of determining the attention. It ia not 
enough to form the conscious intention of seeing first 
with one eye and then with the other ; we must form as 
clear a notion as possible of what we expect to see. Then 
it will actually appear. If, on the other hand, we leave 
the mind at liberty without a fixed intention to ob- 
serve a definite object, that alternation between the two 
pictures ensues which is called retinal rivalry. In this 
case, we find that, as a rule, bright and strongly marked 
objects in one field of vision prevail over those which 
are darker and less distinct in the other, either com- ■ 
pletely or at least for a time. 

We may vary this experiment by using a pair of 
spectacles with different coloured glasses. We shall then 
find, on looking at the same objects with both eyes 
at once, that there ensues a similar rivalry between the 
two colours. Everything appears spotted over first with 
one and then with the other. After a time, however, the 
vividness of both colours becomes weakened, partly by 
the elements of the retina which are affected by each of 
. them being tired, and partly by the complementary 
after-images which result. The alternation then ceases, 
and there ensues a kind of mixture of the two original 
colours. 

It is much more difficult to fix the attention upon a 
colour than upon such an object as an engraving. For the 
attention upon which, as we have seen, the whole phe- 
nomenon of ' rivalry ' depends, fixes itself with constancy 
only upon such a picture as continually offers something 
new for the eye to follow, Kut we may assist this by 
reflecting on the side of the glasses next the eye letters 
or other lines upon which the attention can fix. These 
reflected images themselves are not coloured, but as soon 
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as the attention is fixed upon one of them we heeome 
conscious of the colour of the corresponding gh 

These experimentB on the rivalry of colours have given 
rise to a singular controversy among the best observers ; 
and the possibility of such difference of opinion is an 
instructive hint as to the nature of the piienomenon 
itself. One party, including the names of Dove, Eeg- 
nault,' Briicke, Ludwig,' Panum,' and Hering,* main- 
tains that the reaidt of a binocular view of two colours 
is the triie combination -colour. Other observers, as 
Heinrich Meyer of Zurich, Volkmann, Meissner,' and 
Funke,* declare quite as positively that, imder these 
conditions, they have never seen the combination-colour. 
I myself entirely agree with the latter, and a careful 
examination of the cases in which I might have imagined 
that I saw tlie combination-colour, has always proved to 
me that it was the result of phenomena of contrast. 
Each time that I brought the true combination-colour 
side by side with the binocular mixture of colours, the 
difference between the two was very apparent. On the 
other hand, there can of course be no doubt that the ob- 
servers I first named really saw what they profess, so that 
there must here be great individual difference. Indeed 
with certain experiments which Dove recommends as par- 
ticularly well fitted to prove the correctness of his con- 
clusion, such as the binocular combination of comple- 
mentary polarisation-coloura into white, I could not 
myself see the slightest trace of a combination-colour. 

' The distinguished French chomist, father of the veil-known painter 
who was killed in tho second siege of Paris. 

' Profeaaor of Physiology in thp Univtraity of Lpipzig, 
' Professor of Physiology in the Unirersity of Kiel 

* Ewald llering, PEofesaor of Physiology in the University of Prague, 
lately in the Josephaakademie of VienDa. 

• Professor of Phyraology in the Unitersilj of Goltingen. 
■ ProfeBsor of Physiology in the Unirersity of Freiburg. 
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This striking difference in a comparatively simple 
observation seems to me to be of great interest. It is a 
remarkable confirmation of the Kuppoaition above made, 
in accordance with the empirical theory of vision, that in 
general only those sensations are perceived as separated 
in space, which can be separated one from another by 
voluntary movements. Even when we look at a compound 
colour with one eye, only three separate sensations are, ac- 
cording to Young's theory, produced together; but it is 
impossible to separate these by any movement of the 
eye, so that they always remain locally nnited. Yet we 
have seen that even in this case we may become conscious 
of a separation under certain circumstances; namely, 
when it is seen that part of the colour belongs to a 
transparent covering. When two corresponding points 
of the retinie are illuminated witli different coloms, it 
will be rare for any separation between them to appear in 
ordinary vision ; if it does, it will usually take place in 
the part of the field of sight outside the region of exact 
vision. But there is always a possibility of separating 
the compound impression thus produced into its two 
parts, which will appear to some extent independent of 
each other, and will move with the movements of the 
eye; and it will depend upon the degree of attention 
which the observer is accustomed to give to the region 
of indirect vision and to double images, whether he 
is able to separate the colours which fall on both retina 
at the same time. Mixed hues, whether looked at with 
one eye or with both, excite many simple sensations 
of colour at the same time, each having exactly the 
same position in the field of vision. The difference in 
the way in which such a compound-colour is regarded 
by different people depends upon whether this compound 
sensation is at once accepted aa a coherent whole without 
any attempt at analysis, or whether the observer is able 




r 



208 BECKNT PROGRESS OF THE TnEORY OF VISIOS. 

by practice to recognise tlie parts of which it is com- 
posed, and to separate them from one another. The 
former is our usual (though not constant) habit when 
looking with one eye, while we are more inclined to tie 
latter when using both. But inasnauch as this incli- 
nation must chiefly depend upon practice in obaerving 
distinctions, gained by preceding observation, it is easy 
to understand how great individual peculiarities may 
arise. 

If we carefully observe the rivalry which ensues when 
we try to combine two stereoscopic drawings, one of whlcli 
is in black lines on a white ground and the other in 
white linea on black, we shall see that the white and 
black lines which affect nearly corresponding points of eacti 
retina always remain visible side by side — -an effect which 
of course implies that the white and black grounds are 
also visible. By this means the brilliant surface, which 
seems to shine like black lead, makes a much more stable 
impression than that produced under the operation of 
retinal rivalry by entirely different di'awings. If we 
cover the lower half of the white figure on a black ground 
with a sheet of printed paper, the upper half of the com- 
bined stereoscopic image shows the phenomenon of Lustre, 
while in the lower we see fietinal Rivalry between the 
black lines of the figure and the black marks of the 
type. As long as the observer attends to the solid form 
of the object represented, the black and white outlines 
of the two stereoscopic drawings carry on in common the 
point of exact vision as it moves along them, and the 
effect can only be kept up by continuing to follow both. 
He must steadily keep his attention upon both drawingB, 
and then the impression of each will be equally combined. 
There is no better way of preserving the combined effect 
of two stereoscopic pictures than this. Indeed it ii 
posaible to combin^^ ' isi partially and for a short 
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time) two entirely different drawings when put into the 
stereoscope, by fixing the attention upon the way in 
which they cover each other, ivatcliing, for instance, the 
angles at which their lines cross, Bnt as Boon as the 
attention turns from the angle to follow one of the lines 
which makes il-, the pictnre to which the other line 
belongs vanishes 

liet US now put together the results to which our 
inquiry into binocular vision has led ub. 

I. The excitement of corresponding points of the two 
retinjB is not indistinguishablj combined into a single 
impression ; for, if it were, it would be impossible to see 
Stereoscopic Lustre. And we have found reason to believe 
that this effect is not a consequence of Retinal Rivalry, 
even if we admit the latter phenomenon to belong to 
sensation at all, and not rather to the degree of attention. 
On the contrary the appearance of lustre is associated 
with the restriction of this rivalry. 

II. The sensations which are produced by the excita- 
tion of corresponding points of each retina are not in- 
distinguisbably the same; for otherwise we should not 
be able to distinguish the true from the inverted or 
' pseudoscopic ' relief, when two stereoscopic pictures are 
illuminated by the electric spark. 

III. The combination of the two different sensations 
received from corresponding retinal points is not pro- 
duced by one of them being suppressed for a time; 
for, in the first place, the perception of solidity given by 
the two eyes depends upon our being at the same time 
conscious of the two different images, and, in the second, 
this perception of solidity is independent of any raove- 
ment of the retinal images, aince it is possible undtT 
momentary illumination. 

We therefore learn that two distinct sensations are trana- 
14 
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mitted from the two eyes, and reach the consciousneM 
at the same time aud without coalescing ; that accordinglj 
the combination of these two sensations into the siogle 
picture of the external world of which we are conscioui 
in ordinary vision is not produced by any anatomical 
mechanism of sensation, but by a mental act. 

IV. Further, we find that there is, on the whole, com- 
plete, or at le-ast nearly complete, coincidence as to 
localisation in the field of vision of impressions of sight 
received from corresponding points of the retinaa ; but 
that when we refer both impressions to the same object, 
their coincidence of localisation is much disturl)ed. 

If this coincidence were the result of a direct function 
of sensation, it could not be disturbed by the mental 
operation which refers the two impressions to the same 
object. But we avoid the difficulty, if we suppose that 
the coincidence in localisation of the corresponding 
pictures received from the two eyes depends upon the 
power of measuring distances at sight which we gain by 
experience, that is, on an acquired knowledge of the 
meaning of the ' signs of localisation.' In this case it is 
simply one kind of experience opposing another ; and 
we can then understand how the conclusion that two 
images belong to the same object should iufluence our 
estimation of their relative position by the measuring 
power of the eye, and how in consequence the distance 
nf the two images from the fixed point in the field of 
vision should be regarded as the same, although it is not 
exactly so in reality. 

But if the practical coincidence of corresponding poinfa) 
as to localisation in the two fields of vision does not 
depend upon sensation, it follows that the original power 
of comparing different distances in each separate field of 
vision cannot depend upon direct sensation. For, if it 
were so, it would follow that the coincidence of the two 
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fields would be completely establiBlied by direct sensation, 
BB soon aa the observer had got his two fixed points to 
coincide and a single meridian of one eye to coincide 
with the corresponding one of the other. 

The reader sees how this aeries of facts has driven wa 
by force to the empirical theory of vision. It is right to 
mention that lately fresh attempts have been made to 
explain the origin of our perception of solidity and the 
phenomena of single and double binocular vision by the 
assumption of some ready-made anatomical mechanism. 
We cannot criticise these attempts here ; it would lead 
UB too far into details. Although many of these hypo- 
theses are very ingenious (and at the same time very 
indefinite and elastic), they have hitherto always proved 
insufBcient ; because the actual world offers ua far more 
numerous relations than the authors of these attempts 
could provide for. Hence, aa aoon aa they have arranged 
one of their systems to explain any particular phe- 
nomenon of vision, it is foimd not to answer for any 
other. Then, in order to help out the hypothesis, 
the very doubtful assumption has to be made that, in 
these other cases, sensation is overcome and estinguished 
by opposing experience. But what confidence could we 
put in any of our perceptions if we were able to extinguish 
our sensations as we please, whenever they concern an 
object of our attention, for the sake of previous concep- 
tions to which they are opposed ? At any rate, it is clear 
that in every case where experience must finally decide, 
we shall succeed much better in forming a correct notion 
of what we see, if we have no opposing sensations to 
overcome, than if a correct judgment must be formed in 
spite of them. 

It follows that the hypotheses which have been t 
cesaively framed by the various supporters of iutnitive 
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tlieoriea of vision, in order to suit one phenomenon after 
another, are really quite unnecessary. No fact has 
yet been diseovered inconsistent with the Empirical 
Theory: which does not assume any peculiar modes 
of physiological action in the nervous system., nor any 
hypothetical anatomical structurea ; which supposes no- 
thing more than the well known association between the 
impressions we receive and the conclusions wo draw &om 
them, according to the fundamental laws of daily ex- 
perience. It is true that we cannot at present offer any 
complete scientific explanation of the mental operations 
involved, and there is no immediate prospect of our doing 
80. But since these operations actually exist, and since 
hitherto every form of the intuitive theory baa been 
obliged to fall back on their reality when all other 
explanation failed, these mysteries of the laws of thought 
cannot he regarded from a scientific point of view as con' 
stituting any deficiency in the empirical theory of vision. 

It is impossible to draw any line in the study of our 
perceptions of space which shall sharply separate those 
which belong to direct Sensation from those which are 
the result of Experience. If we attempt to draw such 
a boundary, we find that experience proves more minute, 
more direct and more exact than supposed sensation, 
and ill fact proves its own superiority by overcoming tlie 
latter. The only supposition which does not lead to any 
contradiction is that of the Empirical Theory, which 
regards all our perceptions of space as depending upon 
experience, and not only the qualities, but even the 
liical signs of the sense of sight as nothing more than 
signs, the meaning of vrhich we have to leam by ex- 
perience. 

We become acquainted with their meaning by conn 
paring them with the result of our own movements, with 
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changes which we thus produce in the outer world. 
le infant first begins to play with its hands. There is 
time when it does not know how to turn its ejea or 
lianda to an object which attracts its attention by its 
ightness or colour. When a little older, a child seizes 
iiatever is presented to it, turns it over and over again, 
K>lcs at it, touches it, and puts it in his mouth. The 
implest objects are what a child likes best, and he 
tways prefers the most primitive toy to the elaborate 
nventions of modem ingenuity. After he has looked at 
luch a toy every day for weeks together, he learns at last 
ill the perspective images which it presents; then he 
throws it away and wants a fresh toy to handle like the 
first. By this means the child learns to recognise the 
different views which the same object can afford, in 
connection with the movements which be is constantly 
giving it. The conception of the shape of any object, 
gained in this manner, is the result of associating all 
these visual images. When we have obtained an accurate 
conception of tlie form of any object, we are then able 
to imagine what appearance it would present, if we looked 
at it from some other point of view. All these different 
views are combined in the judgment we form as to the 
dimensions and shape of an object. And, consequently, 
■when we are once acquainted with this, we can deduce 
from it the various images it would present to the sight 
when seen from different points of view, and the various 
movements which we should have to impress upon it in 
order to obtain these successive images. 

I have often noticed a striking instance of what I have 
been saying in looking at stereoscopic pictures. If, for 
example, we look at elaborate outlines of complicated 
crystalline forms, it is often at first difficult to see what 
they mean. When this is the case, I look out two points 
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in the diagram which con-espond, and make them overlap 
by a voluntary movement of the eyes. But ae long as I 
have not madu out what kind of form the drawings are in- 
tended to represent, I find that ray eyea begin to diverge 
again, and the two points uo longer coincide. Then I try 
to follow the different lines of the figure, and suddenly I 
see what the form represented is. From that moment my 
two eyeB pass over the outlines of the apparently solid 
body with the utmost ease, and without ever eeparating. 
As soon as we have gained a correct notion of the shape 
of an object, we have the rule for the movements of the 
eyes which are necessary for seeing it. In carrying out 
these movements, and thus receiving the visual impres- 
aious we expect, we retranslate the notion we have formed 
into reality, and by finding thia retranslation agrees with 
the original, we become convinced of the accuracy of our 
conception. 

This last point is, I believe, of great importance. 
The meaning we assign to our sensations depends upon 
experiment, and not upon mere observation of what takes 
place around uh. We leam by experiment that the cor- 
respondence between two processes takes place at any 
moment that we choose, and under conditions which we 
can alter as wo choose. Mere observation would not give 
us the same certainty, even though often repeated under 
different conditions. For we should thus only leam that 
the processes in q^uestion appear together frequently (or 
even always, as far as our experience goes) j but mere 
observation would not teach us that they appear together 
ut any moment we select. 

Even in considering examples of scientiiic observation, 
methodically carried out, as in astronomy, meteorology, 
or geology, we never feel fully convinced of the causes of 
the phenomena observed imtil we can demonstrate the 
working of these same forces by actual experiment 
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3ie laboratory. So long as Bcienee is not experimental 

.i; does not teach U3 the knowledge of any new force.' 

It ia plain that, by the experience which we collect ia 
bJie way I have been describing, we are able to learn 
B.8 much of the meaning of sensible ' signs ' aa can 
milcrwards be verified by further experience ; that is to 
Hay, all that is real and positive in our conceptions. 

It has been hitherto supposed that the sense of touch 
confers the notion of space and movement. At first 
of course the ouly direct knowledge we acquire is that 
■we can produce, by an act of volition, changes of 
which we are cognisant by means of touch and sight. 
Most of these voluntary changes are movements, or 
changes in the relations of space ; but we can also pro- 
duce changes in an object itself. Now, can we recognise 
the movements of our hands and eyes as changes in the 
relations of space, without knowing it beforehand ? and 
can we distinguish them from other changes which affect 
the properties of external objects ? I bebeve we can. It 
ia an essentially distinct character of the Relations of 
Space that they are changeable relatioiis betwe&n objects 
•which do not depend on thei/r quality or quantity, while all 
other material relations between objects depend upon their 
properties. The perceptions of sight prove this directly 
and easily. A movement of the eye which causes the 
retiral image to shift its place upon the retina always 
produces the same series of changes as often as it is 
repeated, whatever objects the field of vision may eon- 
tain. The effect is that the impressions which had 
before the local signs a,,, a„ a.„ ra,, receive the new local 
signs h„ b„ 6j, b^ ; and this may always occur in the 

' An interesting paper, appljing this view of ths ' eiperimental' cL*- I 
TBCter of progrt>Kiiir» science to Zoolo^, has been published bjr M. Iacom J 
BnthierB, in the fir^t nnmber of liis An'kieei dc Zailogie. — Te, 
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way, whatever be the quality of the impressions. By 
this meana we leam to recogniBe such changes as be- 
longing to the special phenomena which we call change* 
in Bpace. This is enough for the object of Empirical 
Philosophy, and we need not further enter upon a dis- 
cussion of the question, how much of univeraal concep- 
tions of space is derived a priori, and how much a 
ptistet'ion f ' 

An objection to the empirical Theory of Vision niiglit ' 
be found in the fact that illusions of the Benses are 
possible ; for if we have learnt the meaning of our 
sensations from experience, they ought always to agree 
with experience. The explanation of the possibility of 
illusions liea in the fact that we transfer the notioira 
of external objects, which would be correct under normal 
conditions, to cases in which unusual circumstances have 
altered the retinal pictures. What I call ' observation 
under normal conditions ' implies not only that the rays of 
light must pass in straight lines from each visible point 
to the cornea, but also that we must use our eyes in the 
way they should be used in order to receive the clearest 
and most easily distinguishable images. This implies 
that wo should successively bring the images of the 
separate points of the outline of the objects we are 
looking at upon the centres of both retinas (the yellow 
spot), and also move the eyes so as to obtain the surest 
comparison between their various positions. When- 
ever we deviate from these conditions of normal vision, 
illusions are the result. Such are the long recognised 
effects of the refraction or reflection of rays of light 
before they enter the eye. But there are many other 
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iiisee of mistake as to the position of the objects wa 
lefective accommodation when looking through ona 
Ror two small openings, improper convergence when 
looking with one eye only, irregular position of the 
eye-ball from external pressnre or from paialjsis of ita 
muscles. Moreover, illusions may come in from certain 
elements of sensation not being accurately distinguished j 
as, for instance, the degree of convergence of the two 
eyes, of which it is difficult to form an accurate judgment 
when the m.u3cloB which produce it become fatigued. 

The simple rule for ail illusions of sight is this : we 
ahoaya believe that we see such objecta aa would, wnder 
conditions of normal vision, produce the retinal vmage 
of which we are actuaUy conscious. If these images are 
flucb as could not be produced by any normal kind of 
observation, we judge of tbera according to their nearest 
resemblance; and in forming this judgment, we more 
easily neglect the parts of sensation which are imperfectly 
than those which are perfectly apprehended. When more 
than one ioterpretation is possible, we usually waver 
involuntarily between them ; but it is possible to end 
this uncertainty by bringing the idea of any of the 
possible interpretations we choose as vividly as possible 
before the mind by a conscious effort of tlie will. 

ITiese illusions obviously depend upon mental processeB 
which may be described as lalse inductions. But there 
are, no doubt, judgments which do not depend upon 
our consciously thinking over former observations of the 
same kind, and examining whether thtey justify the 
conclusion which we form. I have, therefore, named 
these 'unconscious judgments;' and this term, though 
accepted by other supporters of the empirical theory, 
has excited much opposition, because, according to 
generally-accepted psychological doctrines, ajudgmevil. 
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or loffical conclusion, is the culminatiDg point of th( 
Gonsctoiia operatious of the mind. But the judgmentf 
which play eo great a part is the pereeptiona we derivfl 
from our senses cannot be expressed in the ordinarj 
form of logically analysed concliisions, and it 
sary to deviate somewhat from the beaten paths of psy- 
chological analysis in order to convince ourselves that 
we really have here the name kind of mental operation 
as that involved in conclusions usually recognised as 
such. There appears to me to be in reality only a auper- 
ficiai difference between the ' conclusions ' of logicians 
and those inductive coucluBions of which we recognise the 
result in the conceptions we gain of the outer world 
through our sensations. The difference chiefly depends 
upon the former conclusions being capable of espresgioii 
in words, while the latter are not; because, instead of 
words, they only deal with sensations and the memoiy 
of sensations. Indeed, it is just the impossibility of 
describing sensations, whether actual or remembered, in 
words, which makes it so difficult to discuss this depart- 
ment of psychology at all. 

Beside the knowledge which has to do with Notions, 
and is, therefore, capable of espression in words, there ia 
another department of oitr mental operations, which may 
be described as knowledge of the relations of those 
impressions on the senses which are not capable of direct 
verbal espression. Fur instance, when we say that we 
' know ' ' a man, a road, a fruit, a perfume, we mean that 
we have seen, or tasted, or smelt, these objects. We 
keep the sensible impression feat in our memory, and we 
shall recognise it again when it ia repeated, but we 

' In Gennan thin kind of knowleiigB U exprosBwi bj the Terb Ajtibct 
[eagnoscen, eonnaUre). to be aoquiiitited with, vhila viisam (scire, tamir) 
means U> bfl aware of. The former kind of knowlodgfl iB only npplicabU to 
objects directl; cognisAble by the senses, whcreuB the latter applies lo 
notiona or eoneeptiom which can be 'tirmallj B(ated as proponiti ~ 
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mot describe the impresBion in words, even to our- 
Ives. And yet it is certain that thiB kind of know- 
tge (Kenneii) may attain the highest possible degree 
of precision and certainty, and is so far not inferior 
to any knowledge (Wlaaeii) which can be espressed in 
words; but it ia not directly corn omni cable, unless the 
object in question can be brought actually forward, or 
the impression it produces ca.n be otherwise represented 
— as by drawing the portrait of a man instead of pro- 
ducing the man himself. 

It is an important part of the former kind of know- 
ledge to be acquainted with the particular innervation of 
muscles, which is necessary in order to produce any effect 
we intend by moving our limbs. As children, we must 
learn to walk ; we must afterwards learn how to skate or 
go on stilts, how to ride, or swim, or sing, or pronounce a 
foreign language. Moreover, observation of infants shows 
that they have to learn a number of things which after- 
wards they will know so well as entirely to forget that 
there was ever a time when they were ignorant of them. 
For example, everyone of us had to learn, when an 
in&Jit, how to turn his eyes toward the light in order to 
Bee. This kind of ' knowledge ' {Kennen) we also call 
' being able ' to do a thing {kunnen), or ' understanding * 
how to do it (veratekeri), as, ' I know how to ride,' ' I am 
able to ride,' or ' I understand how to ride.' ' 

It ia important to notice that this ' knowledge ' of the 
effort of the will to be exerted must attain the highest 
possible degree of certainty, accuracy, and precision, for 
UB to be able to maintain so artificial a balance as is 
necessary for walking on stilts or for skating, for the singer 
to know how to strike a note with his voice, or the 

' The German word Aonniii ia mii lo be of tie mtmB etymology aa 
itntten, and bo their likeness in form iroold be eiplainod b; their likeuew , 
in meaning. 
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violin-player with his finger, so exactly that its vibratioa 
shall not be out by a hundredth part. 

Moreover, it is clearly possible, by using these sensihlo 
images of memory instead of words, to produce the same 
kind of combination which, when espreased in worde, 
would be called a proposition or a conclusion. For 
example, I may know that a certain person with whose 
face I am familiar, has a peculiar voice, of which I have 
an equally lively recollection. I should be able with 
the utmost certainty to recognise his face and his voice 
among a thousand, and each would recall the other. But 
i cannot express this fact in words, unless I am able to 
add some other characters of the person in question 
which can be better defined. Then I should be able to 
resort to a syllogism and say, ' This voice which I now 
hear belongs to the man whom I saw then and there.' 
But universal, as well as particular conclusions, may be 
expressed in terms of sensible impressions, instead of 
words. To prove this I need only refer to the effect of 
works of art. The statue of a god would not be 
capable of conveying a notion of a definite character and 
disposition, if I did not know that the form of face and 
the expression it wears have usually or constantly a cer- 
tain definite signification. And, to keep in the domain 
of the perceptions of the senses, if I know that a par- 
ticular way of looking, for which I have learnt how to 
employ exactly the right kind of innervation, is necessary 
in order to bring into direct vision a point two feet off 
and so many feet to the right, this also is a universal 
proposition which applies to every case in which I have 
fixed a given point at that distance before, or may do so 
hereafter. It is a piece of knowledge which cannot be 
expressed in words, but is the result which sums up my 
previous successful experience. It may at any moment 
become the major premias of a syllogism, whenever, in 
fact, I fix a point in the supposed position and teel that I 
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do BO Tiy looking as that major proposition states. Tiiia 
perception of what I am doing is my minor propositioiij 
and the ' conclusion' ia that the object I am looking for 
will be found at the apot in q^uestion. 

Suppose that I employ the same way of looking, but look 
into a stereoscope. I am now aware that there is no real 
object before me at the spot I am looking at ; but I have the 
Bame Bensible impression as if one were tbere ; Eind yet I 
am unable to describe this impression to myself or others, 
or to characterise it otherwise than as ' the same impression 
which would arise in the nomaal method of observation, if 
an object were really there.' It is important to notice this. 
No doubt the physiologist can describe the impression 
in other ways, by the direction of the eyes, the position 
of the retinal images, and bo on ; but there is no other 
way of directly defining and characterising the sensation 
which we experience. Thus we may recognise it as an 
illusion, but yet we cannot get rid of the sensation of this 
illusion ; for we cannot estinguish our lemembi 
its normal signification, even when we know that in the 
case before us this does not apply— just as little as we 
are able to drive out of the mind the meaning of a 
word in our mother tongue, when it is employed as a 
sign for an entirely different purpose. 

These conclusions in the domain of oui" sensible per- 
ceptions appear as inevitable as one of the forces of 
nature, and hence their results seem to be directly ap- 
prehended, without any effort on our part ; but this 
does not distinguish them from logical and conscioua 
conclusions, or at least from those which really deserve 
'Jie name. All that we can do by voluntary and con- 
Bcioua effort, in order to come to a conclusion, is, after 
all, only to supply complete materials for constructing the 
necessary premisses. As soon as this ia done, the conclu- 
Bion forces itself upon us. Those conclusions which (it ia 
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Biipposed) may be accepted or avoided aa we please, are 
not worth much. 

The reader will see that these investigations have led 
UB to a field of mental operations which has been seldom 
entered by scientific explorers. The reason is that it i» 
difficult to espress these operations in words. They have 
been hitheilo most discussed in writings on sesthetica, 
where they play an important part as Intuition, Uncon- 
scious Ratiocination, Sensible Intelligibility, and sneh 
obscure designations. There lies under all these phrases 
the false assumption that the mental operations we are 
discussing take place in an undefined, obscure, half- 
conscious fashion ; that they are, so to speak, mechanical 
operations, and thus subordinate to conscious thought, 
which can be expressed in language. I do not believe 
that any difference in kind between the two functions 
cau be proved. The enormous superiority of knowledge 
which has become ripe for expression in language, is 
sufficiently explained by the fact that, in the first place, 
. speech makes it possible to collect together the ex- 
perience of millions of individuals and thousands of 
generations, to preserve them safely, and by continual 
verification to make them gradually more and more 
certain and universal ; while, in the second place, all 
deliberately combined actions of mankind, and so the 
greatest part of human power, depend on language. In 
neither of these respects can mere familiarity with phe- 
nomena (das Kennen) compete with the knowledge of 
them which can be communicated by speech (daa Wis- 
seti) ; and yet it does not follow of necessity that the 
one kind of knowledge should be of a different nature 
from the other, or less clear in its operation. 

The Bupportera of Intuitive Theories of Sensation often 
appeal to the capabilities of new-born animals, many of 
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wMoli show themselves much more skilful than a human 
infhnt. It in quite clear that an infant, in Bpite of the 
greater size of its brain, and its power of mental develo[>- 
ment, learns ■with extreme bIowdcss to perft 
simplest tasks ; aa, for example, to direct its eyes to an 
object or to touch what it sees with its hands. Must we 
not conclude that a child has much more to learn than 
an animal which is Eafely guided, but also restricted, 
by its instincts ? It is said that the calf sees the udder 
and goes after it, but it admits of question whether it 
does not simply smell it, and make those movementa 
which bring it nearer to the scent.' At any rate, the 
child knows nothing of the meaning of the visual image 
presented by its mother's breast. It often turns obsti- 
nately away from it to the wrong side and tries to iind 
it there. The young chicken very soon pocks at grains 
of com, but it pecked while it was still in the shell, 
and when it hears the hen peck, it pecks again, at first 
Beemingly at random. Then, when it has by chance hit 
upon a grain, it may, no doubt, learn to notice the field 
of vision which is at the moment presented to it. The 
process is all the quicker because the whole of the mental 
furniture which it requires for its life is but small. 

We need, however, further investigations on the sub- 
ject in order to thiow light upon this question. As far 
as the observations with which I am acquainted go, they 
do not seem to rae to prove that anytiiing more than 
certain tendencies is bom with animals. At all eventa 
one distinction between thorn and man lies precisely in 
this, that these innate or congenital tendencies, im- 
pulses or instincts are in him reduced to the smallest 
possible number and strength.' 

' ScB Darwin on the Expression of the Emotiom. p. 47. — Ta. 
* S«e on this subjerl Biiin on the Senses and lie IntelUd, p. 298 ; alM> «fl 
juiper oa ' Instinct' in Suture, Oot. 10, 1872. 
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There ia a moBt striking analogy between the entire 
range of processes which we have been discussing, and 
another System of Signs, which la not given by natuM 
but arbitrarily chosen, and which must undoubtedly be 
learned before it is understood. I mean the words of our 
mother tongue. 

Learning Iiow to speak is obviously a much more 
difBcult task than acquiring a foreign language in after 
life. First, the child has to guess that the sounds it 
bears are intended to be signs at all ; next, the meaning 
of each separate sound must be found out, by the same 
kind of induction as the meaning of the sensations of 
sight or touch ; and yet we see children by the end 
of their first year already understanding certain worda 
and phrases, even if they are not jet able to repeat 
them. We may somotimes observe the same in dogs. 

Now this connection between Names and Objects, which 
demonstrably must be learnt, becomes just as firm and 
indestructible as that between Seneations and the Objects 
which produce them. We cannot help thinking of the 
usual signification of a word, even when it ia used 
exceptionably in some other sense ; we cannot help feeling 
the mental emotions which a fictitious narrative calls 
forth, even when we know that it is not true ; just in the 
same way as we cannot get rid of the normal signification 
of the sensations produced by any illusion of the senses, 
even when we know that they are not real. 

There is one other point of comparison which is worth 
notice. The elementary signs of language are only twenty- 
sis letters, and yet what wonderfully varied meanings 
jan we express aud communicate by their combination I 
Consider, in comparison with this, the enormous numbei 
of elementaiy signs with which the machinery of sight 
is provided. We may take the number of fibres in the 
optic nerves as two hundred aud fifty thousand. Each 
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of these is capable of innumerable different degrees of 
sensation of one, two, or three primary colours. It 
follows that it is possible to construct an immeasurably 
greater number of combinations here than with the few 
letters which build up our words. Nor must we forget 
the extremely rapid changes of which the images of sight 
are capable. No wonder, then, if our senses speak to us 
in language which can express far more delicate distinc- 
tions and richer varieties than can be conveyed by words. 

This is the solution of the riddle of how it is possible 
to see; and, as far as I can judge, it is the only one 
of which the facts at present known admit. Those 
striking and broad incongruities between Sensations and 
Objects, both as to quality and to localisation, on which 
we dwelt, are just the phenomena which are most in- 
structive ; because they compel us to take the right road. 
And even those physiologists who try to save fragments 
of a pre-established harmony between sensations and 
their objects, cannot but confess that the completion and 
refinement of sensory perceptions depend so largely upon 
experience, that it must be the latter which finally 
decides whenever they contradict the supposed congenital 
arrangements of the organ. Hence the utmost signi- 
ficance which may still be conceded to any such anatomi- 
cal arrangements is that they are possibly capable of 
helping the first practice of our senses. 

The correspondence, therefore, between the external 
world and the Perceptions of Sight rests, either in whole 
or in part, upon the same foundation as all our know- 
ledge of the actual world — on eocperience^ and on constant 
verification of its accuracy by experiments which we 
perform with every movement of our body. It follows, 
of course, that we are only warranted in accepting the 
reality of this correspondence so far as these means of 
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vcrilicatioii extend, which is really as far aa for practical 
purposes we need. 

Beyond these liiaita, aa, for example, in the region of 
Qualities, we are in eome instances able to prove con- 
clusively that there is no correspondence at all between 
■onsations and their objects. 

Only the relations of time, of Space, of equality, aod 
tliose which are derived from them, of number, size, 
repilarityof coeiiatence and of sequence — 'mathematical 
relations' in short — are common to the outer and the 
inner world, and here we may indeed look for a complete 
correspondence between our conceptions and the objects 
which excite them. 

But it seems to me that we should not quarrel with 
the bounty of nature because the greatness, and also the 
emptiness, of these abstract relations have been concealed 
from us by the manifold brilliance of a system of signs ; 
since thus they can be the more easily surveyed and used 
for practical ends, while yet traces enough remain visible 
to guide the philosophical spirit aright, in its search a&a 
the meaning of sensible Images and Signs. 



ON THE CONSERVATION OF POKCE 



nriBODDciioij I 



As I have undertaken to deliver here a seriea of lectures, 
I think the best way in which I can discharge that duty 
will be to bring before yon, by means of a suitable 
example, some view of the special character of thoea 
sciences to the study of which I have devoted myself. 
The natural sciences, partly in consequence of their 
practical applications, and partly from their intellectual 
influence on the last four centuries, have so profoundly, 
and with such increasing rapidity, transformed all the 
relations of the life of civilised nations; they have 
given these nations such increase of riches, of enjoy- 
ment of life, of the preservation of health, of means of 
industrial and of social Int-ercourse, and even such in- 
crease of political power, that every educated man who 
tries to understand the forces at work in the world in 
which he is living, even if he does not wish to enter upon 
tlie study of a special science, must have some interest 
in that peculiar kind of mental labour which works and 
acts in the sciences in question. 

On a former occasion I have already discussed the 
characteristic differences which exist between the natural 
and the mental sciences as regards the kind of scientific 
work. I then endeavoured to show that it is mora 



313 0.\ THE COSSEItVATlOS OF FORCE. 

especially in the thorougli conformity with law wMoh 
nutural phenomena and natural producta exhibit, and 
in the comparative ease nith which laws can be staled, 
that this difference exists. Not tliat I wish by any maws 
to deny, that the mental life of individuals and peoples 
is also in conformity with law, as is the object of philo- 
sophical, philological, historical, moral, and sociaj sciences 
to establish. But in mental life, the influences are 90 
interwoven, that any definite sequence can but seldom 
be demonstrated. In Nature the converse is the case- 
It has been possible to discover the law of the origin 
and progress of many enormously extended series of 
natural phenomena with such accuracy and completeness 
that we can predict their future occurrence with the 
greatest certainty ; or in cases in which we have power 
over the conditions under which they occur, we can 
direct them just according to our will. The greatest 
of all instances of what the human mind can effect by 
means of a well-recognised law of natural phenomena 
is that afforded by modem astronomy. The one simple 
law of gravitation regulates the motions of the heavenly 
bodies not only of our own planetaiy system, but also of 
the far more distant double stars ; from which, even the 
ray of light, the quickest of ail messengers, needs years 
to reach our eye; and just on account of this simple 
conformity with law, the motions of the bodies in ques- 
tion, can be accurately predicted and determined both 
for the past and for future years and centuries to a frac- 
tion of a minute. 

On this exact conformity with law depends also the 
certainty with which we know how to tame the impetuous 
force of steam, and to make it the obedient servant of our 
wants. On this conformity depends, moreover, the intel- 
lectual fascination which chains the physicist to bis sub- 
jects It is an interest of quite a different kind to that 
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nrliicb mental and moral sciences afford. In the latter it 
is mail in the various phases of his intellectual activity 
who chains us. Every great deed of which history tella 
us, every mighty passion which art can represent, every 
picture of manners, of civic arrangements, of the culture 
of peoples of distant lands, or of remote times, seizes and 
interests us, even if there is no esact scientific connec- 
tion among them. We continually find points of contact 
and comparison in our own conceptions and feelings; 
we get to know the hidden capacities and desires of the 
mind, which in the ordinary peaceful course of civilised 
life remain unawakened. 

It is not to he denied that, in the natural sciences, this 
kind of interest is wanting. Each individual fact, taken 
of itfielf, can indeed arouse our curiosity or onr astonish- 
ment, or be useful to ua in its piBctical applications. But 
intellectual satisfaction we obtain only from a connection 
of the whole, just from its conformity with law. lieaaon 
we call that faculty innate in us of discovering laws and 
applying them with thought. For the unfolding of the 
peculiar forces of pure reason in their entire certainty and 
in their entire bearing, there is no more suitable arena than 
inquiry into nature in the wider sense, the mathematics 
included. And it is not only the pleasure at the success- 
ful activity of one of our most essential mental powers ; 
and the victorious subjections to the power of our thought 
and will of an external world, partly imfamiliar, and partly 
hostile, which is the reward of this labour ; but there is a 
kind, I might almost say, of artistic satisfaction, when we 
are able to survey the enormous wealth of Nature as a 
regularly-ordered whole — a kosmoa, an image of the 
logical thought of our own mind. 

The last decades of scientific development have led u* 
to the recognition of a new universal law of all natural 
phenomena, which, from its extraordinarily eirtendcd range. 
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and from the connectioii which it constitutes hetween 
natural phenomena of all kinds, even of the remotest 
times and the most distant places, is especially fitted to 
give us an idea of what I have described as the character 
of the natural sciences, which I have chosen aa the sub- 
ject of this lecture. 

/ This law ia the Law of the Conservation of Force, » 
term the meaning of which I mjat tirst explain. It is not 
abBoIutely new ; for individual domains of natural pheno- 
mena it was enunciated by Newton and Daniel Ber- 
noulli ; and Rmnford and Humphry Davy have recognised 
distinct features of its presence in the laws of heat. 

The possibility that it was of universal application was 
first stated by Dr. Julius Robert Mayer, a Schwabian 
physician (now living in Heilbronn) in the year 1842, 
while almost simultaneously with, and independently of 
him, James Prescot Joule, an English manufacturer, made 
a series of important and difficult experiments on the rela- 
tion of heat to mechanical force, which supplied the chief 
points in which the comparison of the new theory witi 
experience was still wanting. 

The law in question asserts, that the quantity of fora 
which can be brought into action in the whole of Natun 
is unchangeable, and ca,n neither be increased nor di- 
minished./ My first object will be to explain to you what 
is understood by quantity of force ; or as the same idea 
is more popularly expressed with reference to its techoical 
application, what we call amount of work in the me- 
chanical sense of the word. I 

The idea of work for machines, or natural processes, ia 
taken from comparison with the working power of man; 
and we can therefore best illustrate from human labour, 
the most important features of the question with which 
we are concerned. In speaking of the work of macbine-s, 
and of natural forces, we must, of course, in this comj 
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ion Rlimirate anything in which activity of intelligpno*' 
es into play. The latter is also capable of the hard 
ind intense work of thinking, wliich tries a man just as 
UBCular exertion dopB. But whatever of the actions of 
itelligence is met with in the work of machines, of course 
IS due to the mind of the constructor and cannot be 
■^signed to the instrument at work. 

Now, the external work of man is of the most varied 
^nd as regards thfc force or ease, the form and rapidity, 
of the motions used on it, and the kind of work produced. 
But both the arm of the blacksmith who delivers his 
powerful blows with the heavy hammer, and that of the 
violinist who produces the most delicate variations in 
Bound, and the hand of the laee-maker who works with 
threads so fine that they are on the verge of the invisible, 
all these acquire the force which moves them in the same 
manner and by the same organs, namely, the muscles of 
the arm. An aim the muscles of which are lamed is in- 
capable of doing any work ; the moving force of the 
muscle mv^t be at work in it, and these must obey the 
nerves, which bring to them orders from the brain. 
I That member is then capable of the greatest variety of 
motions; it can compel the most varied instruments to 
execute the most diverse tasks. 

Just BO is it with machines : they are used far the most 
diversified arrangements. We produce by their agency 
an infinite variety of movementB, with the moot various 
degrees of force and rapidity, from powerful steam- 
hamm.ers and rolling-mills, where gigantic masses of iron 
are cut and shaped like butter, to spinning and weaving- 
frames, the work of which rivals that of the spider. 
Modern mechanism has the richest choice of means of 
transferring the motion of one set of rolling wheels to 
another with greater or less velocity ; of changing the 
rotating motion of wheels into the up-and-down motion 
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of the piston-rnd, of the eliuttle, of failing faammera asi' 
BtampK ; or, convcraely, of changing tlie Jatter into the 
former; or it can, on the other hand, change mov^ 
ments of uniform into those of varying velocity, and 
forth. Henco this extraordinarily rich utility of mi- 
chines for 8o extremely varied branches of industry. But 
one thing ia common to all these diiferences ; thej all 
need a moving force, which sets and keeps them in 
motion, just as the works of the human hand all need tlie 
moving force of the muscles. 

Now, the work of the sm.ith requires a far greater and 
more intense exertion of the muscles than that of tie 
violin-player; and there are in machines corresponding 
differences in the power and duration of the moving 
force required. These differences, which correspond to 
the different degree of exertion of the muscles in humftD 
labour, are alone what we have to think of when ire 
speak of the amou.nt of work of a machine. We have 
nothing to do here with the manifold character of the 
actions and arrangements which the machines produce} 
we are only concerned with an expenditure of force. 

This very expression which we use so fluently, ' expen- 
diture of force,' wliicli indicates that the force applied 
has been expended and hmt., leads us i.o a further charac- 
teristic analogy between the effects of the human arm and 
those of machines. The greater the exertion, and the 
longer it last«, the more is the arm tired, and the more 
is the store of its moving force for the tirne exhausted. 
We shall see that this peculiarity of becoming exhausted 
by work is also met with, in the moving forces of inor- 
ganic nature ; indeed, that this capacity of the human 
arm of being tired is only one of the consequences of the 
law with which we are now concerned. When fatigue 
seta in, recovery is needed, and this can only be effect«d 
by rest and nourishment. We shall find that also in 
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inorganic moving forces, when their capacity for work is 
.vpeut, there is a possibility of reproduction, although in 
general other means must be used to this end than in the 
case of the human arm, 

From the feeling of exertion and fatigue in our muscles, 
we can form a general idea of what we understand by 
amount of work ; but we must endeavour, instead of the 
indefinite estimate afforded by this comparison, to form a 
clear and precise idea of the standard by which we have 
to measure the amount of work. This we can do better 
hy the simplest inorganic moving forces than by the 
actions of our muscles, which are a very complicated 
apparatus, acting in an extremely intricate manner. 

Let us now consider that moving force which we know 
best, and which is simplest — gravity. It acts, for ex- 
ample as such, in those clocks which are driven by a 
weight. This weight fastened to a string, which is wound 
round a pulley connected with the first toothed wheel of 
the clock, cannot obey the pull of gravity without setting 
the whole clockwork in motion. Now I must beg you to 
pay special attention to the following points : the weight 
cannot put the clock in motion without itself sinking ; 
did the weight not move, it could not move the clock, 
and its motion can only be sncL a one as obeys the action 
of gravity. Hence, if the clock is to go, the weight must 
continually sink lower and lower, and must at length sink 
so far that the string which supports it is run out. The 
clock then stops. The useful effect of its weight is for the 
present exhausted. Its gravity is not lost or diminished ; 
it is attracted by the earth as before, hut the capacity of 
tliis gravity to produce the motion of the clockwork is lost. 
It can only keep the weight at rest in the lowest point of 
its path, it cannot farther put it in motion. 

But we can wind up the clock by the power of the arm, 
by which the weight is again raised. When this has been 
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done, it has regained its former capacity, and can ^aia 
set ibe clock in motion. 

We learn from this that a raised weight posscBses a 
moving force, but tlmt it must necessai'ily sink if thia 
force is to aet ; that by sinking, this moving force it 
exhauBted, but by using another extraneous moving force 
— that of the arm — its activity can be restored. 

The work which the weight has to perform in driving 
the clock is not indeed great. It has continually to 
overcome the sraali resistances which the friction of the 
axlea and teeth, as well as the resistance of the air, oppose 
to the motion of the wheels, and it has to furnish the 
force for the Email inipuleea and sounds which the 
pendulum produces at each oscillation. If the weight is 
detached from the clock, the pendulum swings for a 
while before coming to rest, but its motion becomes each 
moment feebler, and ultimately ceases entirely, being 
gradually used up by the small hindrances I have men- 
tioned. Hence, to keep the clock going, there must be a 
moving force, which, though snuill, must be continually 
at work. Such a one is the weight. 

We get, moreover, from tJiia example, a measure for the 
amount of work. Let na assume that a clock is driven 
by a weight of a pound, which falls five feet in twenty- 
four hours. If we fix ten such clocks, each with a weight 
of one pound, then ten clocks will be driven twenty-four 
hours J hence, as each has to overcome the same resista.uces 
in the same time as the others, ten times as much work 
is performed for ten pounds fall through five feet. Hence, 
we conclude that the height of the fall being the same, 
the work increases directly as the weight. 

Now, if we increase the length of the string so that 
the weight runs down ten feet, the clock will go two 
days instead of one ; and, with double the height of fell, 
the weight will overcome on the second day the 
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re.eiafanceH as on the first, and will therefore do twioe as 
much work as when it can only run down live feet. The 
weight being the same, the work increases as the height 
of fall. Hence, we may take the product of the weight 
into the height of fall as a measure of work, at any rate, 
in the present case. The application of this measure ia, 
in fact, not limited to the individual case, hut the uni- 
versal standard adopted in manufactures for meaauring 
magnitude of work ia afoot pound—tha.t is, the amount 
of work which a poimd raised through a foot can produce.' 
We may apply this measure of work to all kinds of 
machines, for we should bo able to set them all in 
motion by means of a weight sufficient to turn a pulley. 
"We could thus always express the magnitude of any 
driving force, for any given machine, by the magnitude 
and height of fall of such a weight as would be necessary 
to keep the machine goilig with its arrangements until it 
had performed a certain work. Hence it is that the 
measurement of work by foot pounds is universally ap- 
plicable. The use of such a -weight as a driving force 
would not indeed be practically advantageous in those 
cases in which we were compelled to raise it by the power 
of our own arm ; it would in that case be simpler to work 
the machine by the direct action of the arm. In the 
clock we use a weight so that w« need not stand the whole 
day at the clockwork, as we should have to do to move it 
directly. By winding up the clock we accumulate a store 
of working capacity in it, which is sufficient for the ex- 
penditure of the next twenty-four hours. 

The case is somewhat difft^rent when Nature herself 
raises the weight, which then works for us. She 
do this with solid bodies, at least not with sucli regularity 
ae to be utilised; but s!io does it abundantly with water, 

' Thii is tie technical meaaure of wort; to convert it 
muntiuro it mnat bo multiplied by tlia intEHBitj of 6"ivitj, 
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which, being raised to the tops of mountains by meteonx 
lo^cal processes, returns in streams from them. The 
gravity of water we use aa moving force, the most direct ! 
application being in what are called overshot wheels, one I 
of which is represented in Fig. 38. Along the cireumfer- I 
ence of such a wheel are a series of buckets, which act ai 







receptacles for the water, and, on the aide turned to the 
observer, have the tops uppermost , on the opposite side 
the tops of the buckets are upside-down. Tlio water flows 
at M into the buckets of the front of the wheel, and at 
F, where the mouth begins to incline downwards, it flows 
aut. The buckets on the circumference are filled on the 
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'«icl<! turned to the observer, and empty on the other side. 

' Thiia the former are' weighted by the water contained in 

|i them, the latter not ; the weight of the water acta con- 

I tinuoualy on only one side of the wheel, draws this down, 

|i and thereby turns the wheel ; the other aide of the wheel 

I offers no resistance, for it containa no water. It is thua 

the weight of the falling water which turns the wheel, 

and fnmiKhea the motive power. But you will at once see 

I that the mass of water which turns the wheel must necea- 

sarily fall iu order to do so, and that though, when it 

has i-eaehed the bottom, it has lost none of its gravity, it 

is no longer in a position to drive the wheel, if it is not 

I. restored to its original position, either by the power of 

the human arm or by means of some other natural force. 

If it can flow from the mill-stream to still lower levels, 

it may be used to work other wheels. But when it has 

reached its lowest level, the sea, the last remainder of 

the moving force is used up, which is due to gravity — 

that is, to the attraction of the earth, and it cannot act 

by its weight until it has been again raised to a high level. 

As this is actually effected by meteorological processes, 

you will at once observe that these are to be considered a» 

sources of moving force. 

Water-power was the first inorganic force which man 
leamtto use instead of his own labour or of that of domes- 
tic animals. According to Strabo, it was known to King 
Mithridates, of Pontua, who was also otherwise celebrated 
for his knowledge of nature ; near his palace there was a 
water-wheel. Its use was first introduced among the 
Komans in the time of the first Emperors. Even now we 
find water-mills in all mountains, valleys, or wherever 
there are rapidly-flowing, regularly-filled, brooks and 
streams. We find water-power used for all purposes which 
«aQ possibly be effected by machines. It drives mills 
wliich grind com, saw-mills, hammers and oil-presses. 
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Bp inning-frames and looms, and eo forth. It ifl the 
cheapest of all motive powers, it flows spontaneoudj 
from the inexhaustible stores of nature; but it is re- 
stricted to a particular place, and only in mountainous 
countries is it present in any quantity ; in level countries 
extensive reservoirs are necessary for damming the riven 
to produce any amount of water-power. 

Before passing to tlie diaeuBsion of other motive forces, 
I must answer an objection which may readily auggest 
itself. We all know that there are numerous machines, 
systems of pulleys, levers and cranes, by the aid of which 
heavy burdens may be lifted by a comparatively small 
expenditure of force. We have all of us often seen one or 
two workmen hoist heavy masses of stones to g;reat heights, 
which they would he quite unable to do directly ; in like 
manner, one or two men, by means of a crane, can trans- 
fer the largest and heaviest chests from a ship to the quay. 
Now it may be asked, If a. large, heavy weight had been 
used for driving a machine, would it not he very easy, by | 
means of a crane or a system of pulleys, to raise it anew, 
BO that it could again be used as a motor, and thus acquire 
motive power, without being compelled to use a coiTe- 
sponding exertion in raising the weight ? 

The answer to this is, that all thene machines, in that 
degree in which for the moment they facilitate the exer- 
tion, also prolong it, so that by their help no motive power 
is ultimately gained. Let us assume that four labourprs 
have to raise a load of four hundredweight, by means of 
a rope passing over a single pulley. Every time the rope 
is pulled down through fonr feet, the load is also raised 
through four feet. But now, for the sake of comparison, 
let us suppose the same load hung to a block of four 
pulleys, as represented in Fig. 39. A single labourer 
would now be able to raise the load by the same exertion 
of force as each one of the four put forth. But when he 
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pulls the rope through four feet, the lo.id only rises one I 
foot, for the length through which be pulls the rope, at a, ij f 
uniformly distributed in the block over four ropes, so tbat | 
each of these is only shortened 
by a foot. To raise the load, 
therefore, to the same height, 
Ihe one man must necessarily 

work four times as long as the 

four together did. But the total 

expenditure of work is the same, 

whether four labourers work for 

a quarter of an hour or one works 

for an hour. 

If, instead of human labour, 

■we introduce the work of a 

weight, and hang to the block a 

load of 400, and at a, where 

otherwise the labourer works, a 

weight of 100 pounds, the block 

is then in equilibrium, and, 

without any appreciable exer- 
tion of the arm, may be set in 

motion. The weight of 100 

pounds sinks, that of 400 rises. 

Without any measurable expen- 
diture of force, the heavy weight 

has been raised by the sinking 

of the smaller one. But observe 

that the smaller weight will 

have sunk through four times 

the distance that the greater 

one has risen. But a fall of 100 pounds through four 

feet is just as much 400 foot pounds as a fall of 400 pounds 

through one foot. 

The action of levers in all their various modificationB 
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ii precisely miDiUr. Let a 6, Fig. 40, be a simple lever. 
Biipprirti-d ut c, the arm c b being four times as long as t)ie 
otlier arm a c. Let a weight of oue pound be bung at b, 
out! a weight of four pounds at o, the lever is then in equi- 
librium, and (he IciLiit pressure of the finger is sufSdent, 
without any appreciable exertion of force, to place it ia 
tbe piisitiou a' b', in which the hea\-y weight of foiir 
poun<Is has been raised, while the one-pound weight hta 
B'inlf. But here, aUo, you will observe no work ha« 
been gained, for while the heavy weight has been raibed 
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through one inch, the lighter one ha« fallen throngb 

four inches ! and four pounds through one inch is, as work, 
equii'alent to tlie product of one pound tJirough four 
inches. 

Most other fixed parts of machineB may be regarded as 
modified and compound levers; a toothed-wheel, for in- 
stance as a series of levers, the ends of which are repre- 
sented by the individual teeth, and one after the other of 
which is put in activity, in the degree in which the 
tooth in question seizes, or is seized by the adjacent 
pinion. Take, for instance, tbe crabwincb, represented in 
Fig. 41. Suppose the pinion on the axis of the barrel 
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'ne winch has twelve teeth, and the toothed-wheel, H H, 
«veiity-two teeth, that is six times as many as the 
foi-mer. The winch must now be tiirued round bis timet 
'before the toothed-wheel, H, aod the barrel, D, have 
made one turn, and before the rope which raises the load 
has been lifted by a length eq^ual to the circumference of 
tlie barrel. The workman tLus requires sis times the 




tjme, though to be sure only one-sisth of the exertion, 
which he would have to use if the handle were directly 
applied to the barrel, D. In all these machines, and parta 
of machines, we find it confirmed that in proportion as 
the velocity of the motion increases its power diminishes, 
and that wlien tlie power increases the velocity diminishes, 
but that the amount of work is never thereby increased. 

In the overshot mill-wheel, described above, water acta 
by its weight. But there is another form of mill-wheels. 
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what is callM the underakot whed, in whicli it only aiM 
by it« impact, as represented in Fig. 42. These are used 
frhera the height from which the water cornea is not great 
enough to flow on the upper part of the wheel. The 
lower part of uuderahot wheels dips in the flowing water 
which etrikes against their float^hoards and carries them 
along. Such wheels are used in swift-flowing atreanu 
which have a scarcely perceptible fall, as, for instance, oa 




the Rhine. In the immediate neighbourhood of such a 
wheel, the water need not necessarily have a g-eat fall il 
it only strikes with considerable velocity. It is the velo- 
city of the water, exerting an impact against tho float- 
boards, which acts in this case, and which produces the 
motive power. 

Wiudmilla, which are used in the great plains of Holland 
and North Germany to supply the want of falling water, 
afford another instance of the action of velocity. 
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Bails are driven by air in motion — by wind. Air at rest 
could just as liftle drive a windmill as water at rest a 
water-wheel. The driving force depends here on the 
velocity of moving naasses, 

A bullet resting in the hand is the most harmless thing 
in the world ; by Its gravity it can exert no great effect ; 
but when fired and endowed with great velocity it drives 
through all obstacles with the moat tfemendous force. 

If I lay the head of a hammer gently on a nail, neither 
ita small weight nor the pressure of my arm is quite 
BufDcient to drive the nail into wood ; but if I ewiag the 
hammer and allow it to fall with great velocity, ife 
acqnires a new force, which can overcome far greater 
hindrances. 

These examples teach us that the velocity of a moving 
mass can act as motive force. In mechanics, velocity in 
^o far as it is motive force, and can produce work, is 
called via viva. The name ia not well chosen ; it i* too 
apt to suggest to us tiie force of living beings. Also in 
this case you will see, from the instances of the hammer 
and of the bullet, that velocity ia lost as such, when it 
produces working power. In the case of the water-mill, 
or of the windmill, a more careful investigation of the 
moving masses of water and air ia necessary to prove that 
part of their velocity has been lost by the work which 
they have performed. 

The relation of velocity to working power is most 
simply and clearly seen in a simple pendulum, such as can 
he constructed by any weight which we suspend to a cord. 
LetM, Fig. 43, be such a weight, of a spherical form; AB, 
a horizontal line drawn through the centre of tlie sphere ; 
P the point at which the c(ird is fastened. If now I draw 
the weight M on oue side towards A, it moves in the arc 
M a, the end of which, a, is somewhat higher than the 
point A in the horizontal line. The weight is thereby 
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raised to the height A a. Hence my arm must osert i 
certain force to bring the weight to a. Gravity i 
ibis motion and endeavoiirs to bring back the weight ti 
M, the lowest point which it can reach. 

Now, if after I have broiight the weight to a I let it 1 
go, it obeys this force of gravity and returns to M, arrives | 
there with a certain velocity, and no longer remains 1 
quietly banging at M as it did before, but swings h&- I 




yond M towards b, where its motion stops as soon as U 
has traversed on the side of B an arc equal in length to 
tliat on the side of A, and after it hag risen to a distance 
H b above the horizontal line, which is equal to tbe height. 
A a, to which niy arm had previously raised it. In 6 the 
pendulum returns, swings the same way back through M 
towards a, and so on, until its oscillations are gradually 
diminished, and ultimately annulled by the resistance of 
the air and by friction. 
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You see here that the reason why the weight, when it 
inmes from a to M, and does not stop there, h\it ascends 
to b, in opposition to the action of gravity, h only to be 
ught in its velocity. The velocity which it has ac- 
*:|nired in moving from the height A 'I is capable of again 
raising it to an ei|ual height, B b. The velocity of the 
tooving mass, M, is thus capable of raising this mass; 
that ia to say, in the language of mechanics, of performing 
-work. This would also he the case if we had imparted 
Buch a velocity to the suspended weight by a blow. 

From this we learn further how to measure the workin g 
power of velocity — or, what is the same thing, the via 
viva of the tnauiTig mass. It is equal to the work, 
expressed in foot pounds, which the siune mass can 
exert after its velocity has been used to raise it, under 
the most favourable circumstances, to as great a height 
as possible.' This does not depend on the direction of 
the velocity; for if we swing a weight attached to a 
thread in a circle, we can even change a downward , 
motion into an upward one. 

The motion of the pendnlum shows us very distinctly I 
how the forma of working power hitherto considered — 
that of a raised weight and that of a moving mass — ^may 
merge into one another. In the points a and b, Fig. 43, 
the mass has no velocity ; at the point M it has fallen as ' 
far as possible, bnt possesses velocity. As the weight goes I 
from a to m the work of the raised weight is changed into i 
vis viva; as the weight goes further from m to ii the vis \ 
viva is changed into the work of a raised weight. Thus the j 
work which the arm oi'iginally imparted to the pendulum 
is not lost in these oscillationa, provided we may leave o 
of consideration the influence of the resistance of the i 

' Ths mcaBure of vis viva in tliaoretimi mechanics is half the product of 
tbs weight into the square of the Telocity. To rtduce it to the teehuicnl' 
meaniCB of the work we mnst liivide it by the intensity of gmvitj ; that 
ia, bj the relodtj at the end of the first eucoiid of a fci^ly falling Oody. 
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and of friction. Neither does it jncrea§e, but it coutinually 
changes the form of its manifestation. 

Let UB now pass to other mechanical forces, those 
of eliietic Vodies, Insteud of the weights which drive 
our clocks, we find in time-pieces and in watches, steel 
springs whicli arc coiled in winding up the clock, and 
are uncoiled by the working of the clock. To coil up the 
spring wo conaurae the force of the arm ; this has to 
overcome the resisting elastic forc« of the spring as ne 
wind it up, just as in the clock we have to overcome tlie 
force of gravity which the weight exerts. The coiled 
spring can, however, perform work ; it gradually eipenda 
this aenuired capability in driving the clockwork. 

If I stretch a crossbow and afterwards let it go, the 
stretched string moves the arrow ; it imparts to it force 
in the form of velocity. To stretch the cord my arm 
must work for a few seconds; this work is imparted 
to the arrow at the moment it is shot off. Thus the 
crossbow concentrates into an extremely short time 
the entire work which the arm had communicated in the 
operation of stretching; the clock, on the contrary, 
spreads it over one or several days. In both cases no 
work is produced which my arm did not originally impart 
to the instrument, it is only expended more conveniently. 

The case is somewhat different if by any other natural 
process I can place an elastic body in a state of tension 
without having to exert my arm. This is possible and 
ia moat easily observed in the case of gases. 

If, for instance, I discharge a fire-arm loaded with 
gunpowder, the greater part of the mass of the powder is 
converted into gases at a very high temperature, which 
have a powerfid tendency to expand, and can only be 
retained in the narrow space in which they are formed, 
by the exercise of tlie most powerful pressure. In 
expuuding with enormous force they propel the bullet, 
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and impart to it a great velocity, wMch we have already 

en ia a form, of work. 

In thia case, then, I have gained work which my arm 
has not performed. Something, however, haa been loat ; 
the gunpowder, that is to say, whose constituents have 
changed into other chemical compounds, from which 
they cannot, without further ado, be restored to tbeir 
^al condition. Here, then, a chemical cliange has 
taken place, under the influence of which work baa been 
gained. 

Elastic forces are produced in gases by the aid of heat, 
on a far greater scale. 

Let 113 take, as the most simple instance, atmoapherio 
ail. In Fig. 44 an apparatus is represented such aa 




f lieg^ult need for measuring the expansive force of heated 
gases. If no great accuracy is required in the n 
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meiit, the apparatus may Iw arranged more simply. At 1 
U ia a glues globe filled witb dry air, which ia placed iu I 
R metal vessel, in which at can be heated by steam. It ii | 
connected with the U-shaped tube, s b, which contains a 
liquid, and the limbs of which communicate with e 
other when the stop-cock K is closed. If the liquid is 
equilibrium iu the tube s a when the globe is cold, it 1 
rises in the leg b, and ultimately overflows when i 
globe ia heated. If, on the contrary, wlien tlie globe 8 
heated, equilibrium Ite restored by allowing some of tl 
liquid to flow out at R, as the globe cools it will be draw| 
up towanis n. In both eases liquid is raised, and won 
thereby produced. 

The same experiment is continuously repeated on t 
largest scale in steam engines, though in order to kee 
up a continual disengagement of compressed gasea f 
the boiler, the air in the globe in Fig. 44, which wot 
soon reach the maximuna of its expansion, ia replaced % 
water, which ia gradually changed into steam by the 
application of heat. But steam, so long as it remaina 
as such, is an eliistic gas which endeavours to expand 
exactly like atmospheric air. And instead of the column 
of liquid which was raised in our last experiment, tha 
machine is caused to drive a solid piston which impartB 
its motion to other pai-ta of the machine. Fig. 45 re- 
presents a front view of the working parts of a. high 
pressure engine, and Fig. 46 a section. The boiler in 
which steam ia generated is not represented ; tbe steam 
passes through the tube z z, Fig. 46, to the cylinder a a, 
in which moves a tightly fitting piston c. The parts 
between the tube z z and the cylinder A A, that ia the 
slide valve in the valve-chest KK, and the two tubes d 
and e allow the steam to pass first below and then above 
the piston, while at the same time the steam has free 
exit from the other half of tbe cylinder. \ 
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■steam passes under the piston, it forces it upward ; when 

the piston has reanhed the top of its course the poation 
of the valve in k K changes, and the st«am passes ahove 
the piston and forces it down again, Tlie piston-rod acts 
by means of the connecting-rod p, on the crank q of the 
fly-wheel x and sets this in motion. By means of the 
rod 3, the motion of the rod regulates the opening and 
closing of the valve. But we need not here enter into 
those mechanical arrangements, however ingeniously they 
have been devised. We are only interested in the manner 
in which heat produces elastic vapour, and how thia 
vapour, in its endeavoiu- to eapand, is compelled to move 
the solid parts of the machine, and furnish work. 

You all know how powerful and varied are the effects 
of which steam engines are capable ; with them has 
really hefrnn the gr€!at development of indostry which 
has characterised our century before all others. Its 
moat essential superiority over motive powers formerly 
known, is that it is not restricted to a particular place. 
The store of coal and the small quantity of water 
which are the sources of its power can be brought 
everywhere, and steam engines can even he made mov- 
able, as is the case with steam-ships and locomotives. 
By means of these machines we can dcvelope motive 
power to almost an indefinite extent at any place on the 
earth's surface, in deep mines and even on the middle 
of the ocean ; while water and wind-mills are bound to 
special parts of the surface of the land. The locomotive 
transports travellers and goods over the land in numbers 
and with a speiid which must have seemed an incredible 
fuble to OUT forefathers, who looked upon the mail- 
coach with its six passengers in the inside and its ten 
miles an hour, as an enormoua progress. Steam-engines 
traverse the ocean independently of the direction of the 
wind, and, succeasfiilly resisting storms which would drive 
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Bailing-vessels far awuy, reach their goal at the appointed 
time. The advantages which the concourse of numerouB, 
and variously sitilled workmen in all hranches offers in 
large towns where wind and water power are wanting, can 
be utilised, for steam-engines find place everywiiere, 
and supply the neceasaty crude force ; thi:^ the more h- 
tulligent human force may be spai-ed for lietter purpoees; 
and, indeed, wherever the nature of the ground or the 
neighbourhood of suitable lines of communication present 
a favourable opportunity for the development of industry, 
the motive power is also present in the form of steam- 
engines. 

We see, then, that heat can produce mechanical power; 
but in the cases which we have discussed we have seen 
that the quantity of fjrce which can he produced hya 
given measure of a physical process is always accurately 
defined, and that the further capacity for work of tlio 
natural forces, is either diminished or exhaHsted by tlie 
work which has been performed. How is it now with Heat 
in this respect ? 

This question was of decisive importance in the en- 
deavour to extend the law of the Conservation of Force 
to all natural processes. In the answer lay the chief 
difference between the older and newer views in these 
respects. Hence it is that many physicists designate 
that view of Nature corresponding to the law of the 
conservation of force with the name of the Mechanical 
Tfieory of Heat. 

The older view of the nature of heat was that it is a 
substance, very fine and imponderable indeed, but in- 
destructible, and unchangeable in quantity, which is an 
essential fundamental property of all matter. And, in 
fact, in a large number of natural processes, the quantity 
of heat which can he demonstrated by the thermometer 
LB unchangeable. 
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By conductinn and radiation, it can indeed pass from 
letter to colder bodiea ; but tlie quantity of heat which 
the former lose can be shown "by the thermometer to have 
reappeared in the latter. Many processes, too, were 
known, especially In the passage of bodiea from the solid 
to the liquid and gaseous states, in which heat dis- 
appeared^at any rate, as regards the thermometer. But 
when the gaseous body was restored to the liquid, and the 
liquid to the solid state, exactly the same quantity of heat 
reappeared which formerly seemed to have been lost. 
Heat was said to have become latent. On this view, liquid 
water differed from solid ice in containing a certain 
quantity of heat bound, which, just because it was bound, 
could not pass to the thermometer, and therefore was not 
indicated by it. Aqueous vapour contains a far greater 
quantity of heat thus bound. But if the vapour be pre- 
cipitated, and the liquid water restored to the state of 
ice, exactly the same amount of beat is liberated as had 
become latent in the melting of the ice and in the 
vaporisation of the water. 

Finally, beat is sometimes produced and sometimea 
disappears in chemical processes. Buteven here it might 
be assumed that the various chemical elements and 
chemical compounds contain certain constant quantities 
of latent heat, which, when they change their composi- 
tion, are sometimea liberated and sometimes must be 
supplied from external sources. Accurate experiments 
have shown that the quantity of heat which is developed 
by a chemical process, for instance, in burning a pound 
of piure carbon into carbonic acid, is perfectly con- 
stant, whether the combustion is slow or rapid, whether 
it takes place all at once or by intermediate stages. This 
also agreed very well with the assumption, which was the 
basis of the theory of heat, that heat is a substance 
entirely imcbangeable in quantity. The natural processoa 
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which have here been briefly mentioned, were tie enhject 
of extc-nsive eiperiinental and malhematical ioTeatiga- 
tioDB, especially of the great French pliyfiiciats in the 
last deoade of the former, and the first decade of the 
present, century ; and a rich and accurately-worked chapter 
«f phyaics bod been developed, in which everything agreed 
eicellently with the hypotliesis — that heat is a substance. 
On the other hand, the invariability in the quantity of 
heat in all these processes could at that time be explained 
in no other manner than that heat is a substance. 

But one relation of heat^namoly, that to mechanical 
work— had not been accurately iuveiiti^ted. A French 
engineer, Sadi Carnot, son of the celebrated War Minister 
of the Revolution, had indeed endeavoured to deduce the 
work which heat performs, by assuming that the hypo- 
thetical caloric endeavoured to expand like a gas ; and 
from this assumption he deduced in feet a remarkable 
law as to the capacity of heat for work, whicli even now, 
though with an essential alteration introduced by Clausius, 
is among the bases of the modem mechanical theory of 
heat, and the practical conclusions from which, so far as 
they could at that time be compared with experiments, 
have held good. 

But it was already known that whenever two bodies 
in motion rubbed against each other, heat was developed 
anew, and it could not be said whence it came. 

The fact is imiversally recognised ; the axle of a, cai- 
riage which is Iwidly greased and where the friction is 
great, becomes hot-^Bo hot, indeed, that it may take fire ; 
machine-wheels with iron axles going at a great rate may 
become so hot that they weld to their sockets. A power- 
ful degree of friction is not, indeed, necessary to disen- 
gage an appreciable degree of heat ; thus, a lucifer- 
match, which by rubbing is so heated that the phosphoric 
mass ignites, teaches this fact. Nay, it is enougli to nib 
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he dry hands together to feel the heat produced by firio« 
biaii, and which is far greater than the heating which 
akes place when the hands lie gently on each otlier. 
LTncivilized people use the friction of two pieces of wood 
I to kindle a fire. With this view, a sharp spindle of hard 
' wood is made to revolve rapidly on a base of soft wood iD 
the manner represented in Fig. 47. 




So long as it was only a qiie-ition uf the friction of 
Bolids, in which particles fnjm the surface become de- 
tached and compressed, it might be supposed that some 
changes in structure of the bodies rubbed might here 
liberate latent heat, which would thus appear as heat of 
friction. 

But heat can also be produced by the friction of liquids, ' 
in which there could be no question of changes in struc- 
ture, or of the liberation of latent heat. The first de- 
cisive experiment of this kind was made by Sir Humphry 
Davy in the commencement of the present century. In 
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& coolisd Hpace he made tiro pieces of ice rub against eacb 
other, and thereby eausied them to melt. The latent heat 
which the newly formed water miist have Iiere assimilaUd 
coidd not have been conducted to it by the cold ice, ffl 
have been produced by a change of structure ; it 
have come from no otiier cause than &oni friction, and 
must have been created by friction. 

Heat can also be priiduced by the impact of imperfeotlj 
elastic bodies as well as by friction. This is the case, for 
instance, when we produce fire by striking flint against 
steel, or when an iron bar is worked for Bome time by 
powei-ful blows of the hammer. 

If we inquire into the mechanical effects of frictinn 
and of inelastic impact, we find at once that these are 
the processes by which all terrestrial movements ure 
brought to rest. A moving body whose motion was not 
retarded by any resisting force would continue to move to 
all eternity. The motions of the planets are an instance 
of this. This ia apparently never the case with the mo- 
tion of the terrestrial bodies, for they -are always in con- 
tact with other bodies which are at rest, and rub against 
them. We can, indeed, very much diminish their fric- 
tion, but never completely aimid it. A wheel which tuma 
about a well-worked axle, once set in motion continues 
it for a long time; and the longer, the more truly and 
smoother the axle is made to turn, the better it is greased, 
and the less the pressure it has to support. Yet the via 
viva of the motion which we have imparted to such a 
wheel when we stai'ted it, is gradually lost in cunsequence 
of friction. It disappears, and if we do not carefully 
consider the matter, it seems as if the vie viva which the 
wheel had possessed had Iteen simply destroyed without 
any substitute. 

A bullet which is rolled on a smooth horizontal surface 
continues to roll until its velocity is destroyed by fric- 
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ftion on the path, caused by the very minute impacts 
on its little roughnesses. 

A pendulum, which has heen put in vibration can con- 
tinue to oscillate for hours if the suspension is good) 
■without being driven by a weight; but by the friction 
against the snrrounding air, and by that at its place of 
suspension, it ultimately cornea to rest. 

A stone which has fallen from a height has acquired a 
certain velocity on reaching the earth ; this we know is the 
equivalent of a mechanical work ; so long as this velocity 
continues as such, we can direct it upwards by means of 
suitable arrangements, and thus utilise it to raise the 
stone again. Ultimately the stone strikes against the 
earth and comes to rest ; the impact has destroyed ita 
velocity, and therewith apparently also the mechanical 
work which this velocity could have effected. 

If we review the result of all these instances, which 
each of yon could easily add t« from your own daily ex- 
perience, we shall see that friction and inelastic impact 
are processes in which mechanical work is destroyed, and 
heat produced iu its place. 

The experiments of Joule, which have heen already 
mentioned, lead us a step further. He has measured in 
foot pounds the amount of work which is destroyed by the 
friction of solids and by the friction of liquids ; and, on 
the other hand, he has determined the quantity of heat 
which ia thereby produced, and has estabhshed a definite 
relation between the two. His experiments show that 
when heat ia produced hy the consumption of work, a 
definite quantity of work is required to produce that 
amount of heat which is known to physicists as the unit 
of heat ; the heat, that is to say, which is necessary to 
raise one gramme of water through one degree centigrade. 
The quantity of wcrk necessary for this is, according to 
Joule's best experiments, equal to the work which a 
16 
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gnmniA would peribm in fiilUiic thnn^ k beiglit of 
425 metre*. 

In order ta show bow cloself coDcordant sre bii 
Dtiroben, I will adduce tbe results of a few series of 
cKpcrimeiiU which lie obtained after introdacjog tbe 
lat4'«t i ID pro vr menu in his methods. 

1. A »eriea of ezperiinents in which crater was heated 
liy friction in a braati veBsel. In the interior of tbia 
vi>Me] a vertical axle provided with Eizteen paddles wat 
rotated, the eddies thus produced being broken by a Beries 
if projecting barriers, in which parts were cut out large 
enough for the paddles to pass through. The value of 
the itquiralent was 424'9 metres. 

2. Two similar ex{ierimeiita, in which mercury in an 
irou vessel was substituted for water in a brass one, gave 
425 and 426*3 metres. 

3. Two series of experiments, in which a conical ring 
rubbed against another, both surrounded by mercuiyi 
giive 426-7 and 425-6 metres. 

Exactly the same relations between beat and work 
wrre also found in tbe reverse process — that is, when 
wcirk was produced by heat. In order to execute this 
process under physical conditions that could be controlled 
aa perfectly as possible, permanent gases and not vapours 
were used, although the latter are, in practice, more con- 
venient for producing large quantities of work, as in the 
case of tho steam-engine. A gas which is allowed to 
cx]>Hnd with moderate velocity becomes cooled. Joule 
WHS the first to show the reason of this cooling. For the 
gus has, in expanding, to overcome the resistance, which 
the pressure of the atmosphere and tho slowly yielding 
side of the vessel oppose to it ; or, if it cannot of itself 
overcome this resistance, it supports the arm of the 
observer which does it. Gas thus performs work, and 
this work is produced at the cost of its heat. Hence the 
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pSooliog. If, on ths cootrarj, tlie gas is Buddenlj allowed ^^ 
i to issue into a perfectly exhausted space where it finds no ^H 
r reeistauce, it does not become cool as Joule has shown ; 
r if individual parts of it become cool, others become 
warm ; and, after the temperature has become equalised, 
this is exactly as much as before the sudden expansion of ^m 
the gaseous mass. ^M 

How much heat the various gases disengage when they ^M 
are compressed, and how much work is necessary for their 
compression ; or, conversely, how much heat disappears 
when they expand under a pressure equal to their own 
counterpressuxe, and how much work they thereby effect in ^t 
overcoming this counterpreasure, was partly known from ^M 
the older physical experiments, and has partly been de- ^| 
termined by the recent experiments of Eegnault by 
bxtremely perfect methods. Calculations with the best 
d:ita of this kind give us the value of the thermal equiva- 
, lent from experiments : — J 

With Atmnaph^rie air 42(i'D metras. H 

„ oijgon *25-7 ^M 

„ iiiUogen 431'3 H 

,, hjrilrogca ... 12S'3 ^M 

Comparing these numbers with those which determine ^M 
the equivalence of heat and mechanical work in friction, 
as close an agreement is seen as can at all be expected 
from numbers which have been obtained by such varied 
investigations of different observers. 

Thus then : a certain quantity of heat may be changed 
into a definite quantity of work ; this quantity of work can 
also be retransformed into heat, and, indeed, into exactly 
the same quantity of heat as that from which it origi- 
nated ; in a mechanical point of view, they are exactly 
equivalent. Heat is a new form in which a quantity of J 
work may appear. 

These facts no longer permit us to regard heat a 
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lubatance, for ite quantity ia not unchangeable. It can 
be produced anew from the vi« viva of motion destroyed | 
it can bo destroyed, and then producea motion. We must 
rather conclude from this that heat itself is a motion, an 
internal invisible motion of the smallest elementary par- 
ticlefl of bodies. If, therefore, motion seema loet io 
friction and impact, it is not actually lost, but only passes 
from the great visible masses to their smallest particles; 
while in steam-enginea the internal motion of the heated 
gaseous particles is transferred to the piston of the 
machioe, accumulated in it, and combined in a resultant 
whole. 

But what is the nature of this internal motion, can only 
be asserted with any degree of probability in the case ot 
gases. Their particles probably cross one another in 
rectilinear paths in all directions, until, striking another 
particle, or against the side of the vessel, they are re- 
flected in another direction. A gas would thus tft 
analogous to a swarm of gnats, consisting, however, of 
particlea infinitely small and infinitely more closely 
packed. This hypothesis, which has been developed by 
Kronig, Clausius, and Maxwell, very well accounts for all 
the phenomena of gasee. 

What appeared to the earlier phyeicists to be the con- 
gtant quantity of heat is nothing more than the whole 
motive power of the motion of heat, which remains con- 
Btant so long as it is not transformed into other forms rf 
work, or results afresh from them. 

We turn now to another kind of natural forceB which 
can produce work — I mean the chemical. We have to- 
day already come across them. They are the ultimate 
cause of the work which gimpowder and the steam-engine 
produce ; for the heat which is consumed in the latter, 
for example, originates in the combustion of carbon — 
that is to say, in a chemical process. The burning ol 
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il ia the chemical union of carbon witli the oxygen of I 
tibf air, taking place under the influence of the chemical I 
affinity of the two suhstanceB. 

We may regard this force as an attractive force between 
Ihe two, which, however, only acta through them with 
extraordinary power, if the smallest particles of the two 
substances are in closest proximity t-o each other. In 
combustion this force acts ; the carbon and oxygen atoma 
strike against each other and adhere firmly, inasmuch 
they form a new compound — carbonic acid— a gas known 
to all of you as that which ascends from all fermenting 
and fermented liquids — from beer and champagne. Now 
this attraction between the atoms of carbon and of oxygen 
performs work just as much as that which the earth in the 
form of gravity exerts upon a raised weight. When tha 
weight falls to the ground, it produces an agitation, which 
is partly transmitted to the vicinity as sound waves, and 
partly remains a^ the motion of heat. The same result 
we miist expect from chemical action. When carbon and 
oxygen atoms have rushed against each other, the newly-r 
formed particles of carbonic Bcid must be in the most 
violent molecular motion — that is, in the motion of heat. 
And this ia so, A pound of carbon burned with oxygen to 
form carbonic acid, gives as much heat as is necessary to 
raise 80-9 pounds of water from the freezing to the 
boiling point ; and just as the same amount of work is 
produced when a weight falls, whether it falls slowly or 
faat, 80 also the same quantity of heat is produced by thg 
combustion of carbon, whether this is slow or rapid, 
whether it takes place all at once, or by successive stages 

When the carbon is burned, we obtain in its stead, ana 
in that of the oxygen, the gaseous product of combustion 
— carbonic acid. Immediately after combustion it is in- 
candescent. When it has afterwards imparted heat to the 
vicinity, we have in the carbonic acid the entire quantity 
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of carbon and the entire quantity of oxygen, and also the 
force of affinity quit* a» strong aa before. But the action 
of the laif«r is now limited to holding the atoms of 
carbon and oxygen firmly united; they can no longer 
produce either heat or work any more than a tallpii 
weight can do work if it haa not been agstin raised 
by Bome extraneoua force. When the carbon haa been 
burnt we take no furthw trouble to retain the car- 
bonic acid; it can do no more service, we endeavour 
to get it out of the chimneys of our houses as fast as we 
can. 

Is it possible, then, to tear asunder the particles of 
carbonic acid, and give to them once more the capacity of 
work which tbey had before they were combined, juat aa 
we can restore the potentiality of a weight by raising it 
from the ground ? It is indeed possible. We shall after- 
wurdx see how it occurs in the life of plants ; it can also 
be effected by inorganic processes, though in roundabout 
ways, the esplanatios of which would lead us too far from 
our present course. 

This can, however, be easily and directly shown for 
another element, hydrogen, which can be burnt just like 
carbon. Hydrogen with carbon la a constituent of all 
combustible vegetable substances, among others, it is also 
an essential constituent of the gas which is used for 
lighting our streets and rooms; in the free state it ia 
also a gas, the lightest of all, and bums when ignited 
with a feebly luminous blue flame. In this combustion — 
that is, in the chemical combination of hydrogen with 
oxygen, a very considerable quantity of heat is produced ; 
for a given weight of hydrogen, four times as much beat 
as in the combustion of the same weight of carbon. The 
product of combustion ia water, which, therefore, is not of 
itself fiurther combustible, for the hydi-ogen in it is com- 
pletely saturated with oxygen. The force of affinity. 
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fore, of liydrogen for oxygen, like that of carbon for 1 
J performs work in combustion, wbich appears 

Pform of beat. In the water wbicb has been formed J 
during combustion, the force of affinity is exerted between 
the elements as before, but its capacity for work is lost, 1 
Hence tbe two elements muai be again separated, their J 
atoms torn apart, if new eETects are to be produced from J 
tbem. 

This we can do by the aiii of currents of electricity. 
In the apparatus depicted in Fig. 48, we have two glass I 




veBsels filled with acidulated water, a and a', whicli are , 
Eeparated in the middle by a porous plate moistened with 
■water. In both sides are fitted platinum wires, k, which 
are attached to platinum plates, i and i'. As soon as i 
galvanic cm-rent is tranamitttid through the water by the 1 
platinum wires, k, you see hubbies of gas ascend from J 
the plates i and i'. These bubbles are the two elements ] 
of water, hydrogen on the one hand, and oxygen on 
other. The gases emerge through the tubes g and g'. I 
If we wait until the upper yart of the vessels and thO'J 
tubeg have been filled with it, we can inflame hydrogen 1 
at one side ; it hums with a blue flame. If I bring a I 
glimmering spill near the mouth of the other tube it i 
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liiirsU into flame, juBt aa happens with oxygen gas, is 1 
which the processes of comhustion are far more inteme J 
tliun in atmospheric air, where the oxygen mixed i 
nitrogen ie only one-fifth of the whole volume. 

If I hold a glass flask filled with water over the hyt 
gen flame, the water, newly formed in combustion, coi^ 
denses upon it. 

If a platinum wire be held in the almost non-luminous 
flame, you see how intensely it is ignited ; in a plentiful 
current of a mixture of the gases, hydrogen and oxygen, 
which have been liberated in the above experiment, the 




almost infusible platinum might even be melted. The 
hjdrogen which haa here been liberated from the water 
by the electrical current has regained the capacity of 
producing lai'ge quantities of heat by a fresh combination 
with oxygen ; its affinity for oxygen has regained for it 
its capacity for work. 

We here become acquainted with a new source of 
work, the electric current which decomposes wat-er. This 
cuiTcnt is itself produced by a galvanic battery, Fig. - 
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Each of tho four vessels contaiDS nitric acid, in which 
there ia a. hollow cylinder of very compact carbon. In 
the middle of the carbon cylinder is a cylindrical porous 
vessel of white clay, which contains dilute sidphuric acid; 
in this dipa a zinc cylinder. Each zinc cylinder ia con- 
nected by a metal ring with the cai'bon cylinder of the 
next vessel, the last zinc cylinder n is connected with one 
platinum plate, and the first carbon cylinder, p, with the 
other platinum plate of the apparatus for the decomposi- 
tion of water. 

If now the conducting circuit of this galvanic appa^ 
ratus is completed, and the decomposition of water begins, 
a chemical process takes place simultaneously in the cells 
of the voltaic battery. Zinc takes oxygen from the biu-- 
rounding water and undergoes a slow combustion. The 
product of combustion thereby produced, oxide of zinc, 
unites further with sulphuric acid, for which it has a 
powerful affinity, and sulphate of zinc, a saline kind of 
substance, dissolves in the liq^uid. The oxygen, moreover, 
which is withdrawn from it is taken by the water from 
the nitric acid surrounding the cj'linder of carbon, which 
is very rich in it, and readily gives it up. Thus, in the 
galvanic battery zinc burns to sulphate of zinc at (.he cost 
of the oxygon of nitric acid. 

Thus, while one product of combustion, water, is again 
separated, a new combuation is taking place — that of 
zdnc. While we there reproduce cliemical affinity which 
is capable of work, it is here lost. The electrical current 
is, as it were, only the carrier which transfers the chemical 
force of the zinc uniting with oxygen and acid to water 
in the decomposing cell, and uses it for overcoming the 
chemical force of hydrogen and oxygen. 

In this case, we can restore work which has been lost, 
but only by using another force, that of oxidising zinc. 

Here we have overcome chemical forces by chemical 
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forces, tlirough the instrumentality of the electrical cur- 
rent. But we can attain the eame object by mechanical 




forces, if we produce the electrical current by a magTieto- 
electrical machine, Fig. 50, If we turn the handle, the 
■nker K R\ on which in cuiled coppei-wire, rotaten in front 
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of the poles of the horse-shoe magnet, and in these coils 
electrical currents are produced, which can be led from 
the points a and b. If the ends of these wires are con- 
nected with the apparatus for decomposing water we 
obtain hydrogen and oxygen, though in far smaller quan- 
tity than by the aid of the battery whlcli we used before. 
But this process is interesting, for the mechanical force 
of the arm which turns the wheel produces the work which 
ia required for separating the combined chemical ele- 
m.ents. Just as the steam-engine changes chemical into 
mechanical force, the magneto-electrical maclune tran^ 
forms mechanical force into chemical. 

The application of electrica,! currents opens out a lai^e 
number of relations between the various natural forces. 
We have decomposed water into its elements by such 
currents, and should be able to decompose a large number 
of other chemical compounds. On the other hand, in 
ordinary galvanic batteries electrical currents are produced 
by chemical forces. 

In all conductors through which electrical cmrenta 
pass they produce heat ; I stretch a thin platinum wire 
between the ends n and p of the galvanic battery. Fig, 49s 
it becomes ignited and melts. On the other hand, elec- 
trical currents are produced by heat in what are called 
thermo-electric elements. 

Iron which is brought near a spiral of copper wire, 
traversed by an electrical current, becomes magnetic, 
and then attracts other pieces of iron, or a suitably 
placed steel magnet. We thus obtain mechanical actions 
which meet with extended applications in the electrical 
telegraph, for instance. Fig. 51 represents a Morse'a 
telegraph in one-tliird of the natural size. The essential 
part is a horse-shoe shaped iron core, which stands in the 
copper spirals b b. Just over the top of this is a small 
eteel magnet c c, which is attracted the 
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A raised weight can produce work, but in doing so H 
must neceBsarily sink from its height, and, when it 
fallen aa deep as it can fall, its gravity remains as before) 
but it can no longer do work. 

A stretched spring can do work, hut in so doing it 
becomes loose. The velocity of a moving mass can do 
work, but in doing so it cornea to rest. Heat can perform 
work ; it is destroyed in the operation. Chemical forces 
can perform work, but they exhaust themselves in the 
effort. 

Electrical currents can perform work, but to keep them 
tip we must conBume either chemical or mncbauical forces, 
or heat. 

We may express this generally. It i« a universai 
chaTocter of all Icnown natural forces that their capatdty 
for work is exhausted iro the degree m which they actvr- 
aUy perforTn work. 

We have seen, further, that when a weight fell without 
performing any work, it either acquired velocity or pro- 
duced heat. We might also drive a magneto-electrical 
machine by a falling weight ; it would then fumiah elec- 
trical currents. 

We have seen that chemical forces, when they coma 
into play, produce either heat or electrical currents oi 
mechanical work. 

We have seen tliat heat may be changed into work ; 
there are apparatus (thermo-electric batteries) in which 
electrical currents are produced by it. Heat can directly 
eeparate chemical compounds ; thus, when we bum lime- 
stone, it separatea carbonic acid from lime. 

Thus, whenever the capacity for woi'k of one natural 
force is destroyed, it is transformed into another kind of 
activity. Even within the circuit of inorganic natural 
forces, we can transform each of them into an active 
condition by the aid of any other natural force which ia 
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capable of work. The c&nnectionB between the varioni 
natural forces which modem physios has revealed, are » 

extraordinarily numerouB that several entirely different 
methods may be discovered for each of these problems. 

I Lave stated how we are accustomed to measure 
meclianical work, and how the equivalent in work of heat 
may be found. The equivalent in work of chemical 
processes is again measured by the heat which they pro- 
duce. By similar relations, the equivalent in work of the 
other natural forces may be expressed in terms of mechani- 
cal work. 

If, now, a certain quantity of mechanical work is lost, 
there is obtained, as experiments made with the object of 
determining this point show, an equivalent quantity of 
heat, or, instead of this, of chemical force ; and, conversely, 
when heat is lost, we gain an equivalent quantity of 
chemical or mechanical force ; and, again, when chemical 
force disappears, an equivalent of heat or work ; so that 
in all these interchanges between various inorganic natural 
forces working force may indeed disappear in one forio, 
but then it reappears in exactly equivalent quantity in 
some other form ; it is thus neither increased nor dimi- 
nished, hut always remains in exactly the same quantity. 
We shall subsequently see that the same law holds good 
also for processes in organic nature, so far as the facts 
have been tested. 

It follows thence that ike total quantity of all the forces 
capable of work i/n the whole universe remains etemiA 
and unchanged throughout all Uieir changes. All change 
in nature amounts to this, that force can change its form 
and locality without its quantity being changed. The 
universe possesses, once for all, a store of force which is 
not altered by any change of phenomena, can neither be 
increased nor diminished, and which maintains any change 
which takes place on it. 
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You see how, starting from considerations based on the 
immediate practical interests of technical work, we have 
been led up to a universal natural law, which, as far as 
all previoTia experience extends, rules and embraces all 
natural processes ; which is no longer restricted to the 
practical objects of human utility, but expresses a per- 
fectly general and particularly characteristic property of 
all natural forces, and which, as regards generality, ii 
to be placed by the side of the laws of the unaltor- 
ability of mass, and the imalterability of the chemical 
elements. 

At the same time, it also decides a great practical 
question which has been much discussed in the last two 
centuries, to the decision of wliich an infinity of experi- 
ments have been made and an infinity of apparatus con- 
structed — that is, the question of the possibility of a pei^ 
petual motion. By this was understood a machine wliich 
waa to work continuously without the aid of any external 
driving force. The solution of this problem promised 
enormous gains. Such a machine would have had all the 
advantages of steam without requiring the expenditure of ' 
fuel. Work is wealth. A machine which could produce 
work from nothing was as good as one which made gold. 
This problem bad thus for a long time occupied the place 
of gold making, and had confused many a pondering 
brain. That a perpetual motion could not be produced 
by the aid of the then known mechanical forces could be 
denionstrated in the last century by the aid of the mathe- 
matical mechanics which had at that time been developed. 
Hut to show also that it is not possible even if heat, 
chemical forces, electricity, and magnetism were made to 
co-operate, could not be done without a knowledge of 
our law in all its generality. The possibility of a per- 
petual motion was first finally negatived by the law of 
the conservation of force, and this law miy;ht also be ex- 
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prt'ssed in the practical form that no perpetual motif 
possible, that force cannot be produced from nol 
Bometbing must be consumed. 

You will only he ultimately able to eGtimate the iifr 
portance and the scope of oiu- law when you have 
your eyes a series of its applicationa to individual procesaea 
on nature. 

What I have to-day mentioned aa to the origin of the 
moving forces which are at our disposal, directs us to 
something beyond the narrow confines of our laboratoriea 
and our manufactories, to the great operations at work in 
the life of the eaiih and of the universe. The force of 
falling water can only flow down from the hilla when rain 
and snow bring it to thera. To furnish these, we miiflt 
have aqueous vapour in the atmosphere, which can only 
be effected by the aid of heat, and this heat comes firom 
the Bun. The steam-engine needs the fuel which the 
vegetable life yields, whether it be the atill active life of 
the Burroimding vegetation, or the extinct life which has 
produced the immense coal deposits in the depths of the 
earth. The forces of man and animals must be restored 
by nourishment ; all nourishment comes ultimately fix>in 
the vegetable kingdom, and leads us back to the same 
source. 

You see then that when we inquire into the origin of 
the moving forces which we take into our service, we are 
thrown back upon the meteorological processes in the 
earth's atmosphere, on tha life of plants in general, and 
on the BUn. 
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In accepting the honour you. have done me in request- 
ing me to deliver the first lecture at the opening meeting 
of this year's Atisociation, it appears to me to be more in 
keeping with the import of the moment and the dignity of 
this aaaemhly that, in place of dealing with any particular 
line of research of my own, I ehould invite you to cast a 
glance at the development of all the hranches of physical 
science represented on these occasions. These branches 
include a vast area of special investigation, material 
of almost too varied a character for comprehension, the 
range and intrinsic value of which become greater with 
each year, while no bonnds can be assigned to its increase. 
During the first half of the present century we had an 
Alexander von Humboldt, who was able to scan the 
scientific knowledge of his time in it« details, and to bring 
it within one vast generalisation. At the present juncture, 
it ia obviously very doubtful wlieiher this task could be 
accomplished in a similar way, even by a mind with gifts 
BO peculiarly suited for the purpose as Humboldt's was, 
and if all his time and work were devoted to the purpose. 
We. however, working as wo do to advance a singli 
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department of science, can devote but little of our Idm* 
to the Bimultoneous study of the other branches. 
Bonn as we enter upon any investigation, all our poweti 
have to be concentrated on a field of narrowed limit. Vfe 
have not only, like the philologian or historian, to seek 
out and search through books and gather from them what 
others have already determined about the subject under 
inquiry; that is but a secondary portion of our work. 
We have to attack the things themselves, and in doing so 
each offers new and peculiar difficulties of a kind quite 
different from those the scholar encounters ; while in the 
majority of instances, most of our time and labour is ooB- 
BUmed by secondary matters that are but remotely con- 
nected with the purpose of the investigation. 

At one time, we have to study the errors of our instru- 
ments, with a view to their diminution, or, where they 
cannot be removed, to compass tneir detrimental influ- 
ence; while at other times we have to watch for the 
moment when an organism presents itself under circum- 
stances most favourable for research. Again, in the course 
of our investigation we leam for the first time of pcBsihle 
errors which vitiate the result, or perhaps merely raise a 
suspicion that it may be vitiated, and we find ourselves 
compelled to begin the work anew, till every shadow of 
doubt is removed. And it ia only when the observer takes 
such a grip of the subject, so fixes all his thoughts and all 
his interest upon it that lie cannot separate himself from 
it for weeks, for months, even for years, cannot force 
himself away from it, in short, till he has mastered every 
detail, and feels assured of all those results which must 
come in time, that a perfect and valuable piece of work 
is done. You are all aware that in every good research, 
the preparation, the secondary operations, the control of 
possible errors, and especially in the separation of the 
results attainable in the time from those that cannot 
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be attained, consume far more time than is really in- 
quired to make actual observations or experiments. How 
much more inirentiity and thought are expended in 
bringing a refractory piece of brass or glass into Bnb- 
jection, than in sketching out the plan of the whole 
investigation I Each of you will have experienced such 
impatience and over-excitement during work where all 
the thoughts are directed on a narrow range of ques- 
tions, the import of which to an outsider appears trifling 
and contemptible because he does not see the end to which 
the preparatory work tends. I beheve I am correct in 
thus describing the work and mental condition that pre- 
cedes all those great results which hastened so much the 
development of science after its long inaction, and gave 
it BO powerful an influence over every phase of human 
life. 

The period of work, then, is no time for broad com- 
prehensive sm-vey. M'hen, however, the victory over 
difficulties has happily been gained, and results are secured, 
a period of repose follows, and our interest is next 
directed to examining the bearing of the newly esta- 
blished facts, and once more venturing on a wider survey* 
of the adjoining territory. This is essential, and those 
only who are capable of viewing it in this light can 
hope to find useful starting-points for further investi- 
gation. 

The preliminary work is followed by other work, treat- 
ing of other subjects. In the course of its different 
stages, the observer will not deviate far from a direction 
of more or less narrowed range. For it is not alone of 
importance to him that be may have collected information 
from books regarding the region to be explored. The 
human memory is, on the whole, proportionately patient, 
and can store up an almost incredibly largo amount of 
learning. In addition, however, to the knowledge which 
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Iho atudent of science acfimrea from lectures and books, 
lip roquires intelligence which only an ample and diligent 
l>erocption can give him; Le needs skill which comes 
noly by repeated experiment and long practice. His 
wmws must be sharpened fur certain kinds of observation, 
U> detect minute ditTorcsces of form, colour, solidity, 
smell, &c., in the object under exiimiuation ; his hand 
must be equally trained to the work of the blacksmith, 
the locksmith, and the carpenter, or the draughtsman and 
the violin-player, and, when operating with the micro- 
scope, mu^t surpass the lace-maker in delicacy of handling 
the needle. Moreover, when he encounters superior de- 
structive forces, or performs bloody operations upon man 
or bcsst, he must possess the courage and coolness of 
the soldier. Such qualities and capabilities, partly the 
result of natural aptitude, partly cultivated by long 
practice, are not so readily and so easily acquired as the 
mere massing of facta in the memory; and hence it 
happens that an investigator is compelled, during the 
entire labours of his life, to strictly limit his field, and to 
conBne himself to those branches which suit him best. 

We must not, however, forget that the more the in- 
dividual worker is compelled to narrow the sphere of his 
activity, so much the more will his intellectual desire? 
induce him not to sever his connection with the subject 
in its entirety. How shall he go stout and cheerful to 
his toilsome work, how feel confident that what has given 
him so much labour will not moiddsr uselessly away, but 
remain a thing of lasting value, unless be keeps aHve 
within himself the conviction that he also has added a 
fragment to the stupendous whole of Science which is 

f to make the reasonless forces of nature subservient to 

I the moral purposes of humanity ? 

An immediate practical use cannot generally be counted 
on a priori for each particular investigation. Phyeical 
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science, it is true, has by the practical realisation of its 
results transformed the entire life of modem humanity. 
But, as a rule, these applications appear under circum- 
stances when they are least expected ; to search in that 
direction generally leads to nothing unless certain points 
have already been definitely fixed, so that all that has to 
be done is to remove certain obstacles in the way of prac- 
tical application. If we search the records of the most 
important discoveries, they are either, especially in earlier 
times, made by workmen who their whole lives through 
did but one kind of work, and, either by a happy accident, 
or by a searching, repeated, tentative experiment, hit 
upon some new method advantageous to their particular 
handicraft; others there are, and this is especially the 
case in most of the recent discoveries, which are the 
fruit of a matured scientific acquaintance with the sub- 
ject in question, an acquaintance that in each instance 
had originally been acquired without any direct view to 
possible use. 

Our Association represents the whole of natural science. 
To-day are assembled mathematicians, physicists, chemists 
and zoologists, botanists and geologists, the teacher of 
science and the physician, the technologist and the ama- 
teur who finds in scientific pursuits relaxation from other 
occupation. Here each of us hopes to meet with fresh 
impulse and encouragement for his peculiar work; the 
man who lives in a small country place hopes to meet 
with the recognition, otherwise imattainable, of having 
aided in the advance of science ; he hopes by intercourse 
with men pursuing more or less the same object to mark 
the aim of new researches. We rejoice to find among us 
a goodly proportion of members representing the culti- 
vated classes of the nation ; we see influential statesmen 
among us. They all have an interest in our labours; 
they look to ua for further progress in civilisation, furthei 
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vietorieB over the powers of nature. They it is wb» 
place at our diaposal the actual means for carrying on our 
labours, and are therefore entitled to enquire into ths 
results of those labours. It appears to me, therefore, 
appropriate to this occasion to take account of the pro 
greas of science as a whole, of the objects it aspires U), 
and the magnitude of the efforts made to attain theta. 

Such a survey ia desirable ; that it lies beyond the 
powers of any one man to accomplish with even an ap- 
proximate completeness such a task as this is clear from 
what I have already said. If I stand here to-day with 
such a problem entrusted to me, ray excuse must be that 
no other would attempt it, and I hold that an attempt to 
accomplish it, even if with small success, is better than 
none whatever. Besides, a physiologist has perhaps more 
than all others immediate occasion to maintain a clear 
and constant view of the entire iield, for in the present 
state of things it ia peculiarly the lot of the physiologist 
to receive help from all other branches of science and to 
stand in alhauce with them. In physiology, in fact, the 
importance of the vast strides to which I shall allude, 
has been chiefly felt, while to physiology, and the leading 
controversies arising in it, some of the most valuable 
discoveries are directly due. 

If I leave considerable gaps in my survey, my excuse 
must be the magnitude of the task, and the fact that the 
pressing Hnmmons of my friend the secretary of this Asso- 
ciation reached me but recently, and that too in the course 
of my summer holiday in the mountains. The gaps 
which I may leave will at all events be abundantly filled 
up hy the proceedings of the Sections. 

Let us then proceed to our task. In discussing the 
progress of physical science as a whole, the first question 
which presents itself is. By what standard are we to 
estimate this progress? 
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To tte uninitiated, thia science of ours is an acj^umiila- 
'tion of a vast number of facta, some of wUieb are con- 
Bpicuous for their practical utility, while others are 
merely curioBities, or objects of wonder. And, if it were 
possible to classify this unconnected mass of fticts, as vaa 
done in the Linnean system, or in encyclopsedias, bo that 
each may bo readily found when required, such knowledge 
as this would not deserve the name of science, nor satisfy 
either the scientific wants of the human mind, or the 
desire for progressive mastery over the powers of nature. 
For the former requires an intellectual grasp of the con- 
nection of ideas, the latter demands our anticipation of a 
result in cases yet untried, and under conditions that we 
propose to introduce in the course of our experiment. 
Both are obviously arrived at by a knowledge of the law 
of the phennmena. — 7 

Isolated facts and experiments have in. themselves no / 
value, however great their number may be. They only be- ' ^t 
come valuable in a theoretical or practical point of view ^M 
when they make us acquainted with the law of a series ^B 
of uniformly recurring phenomena, or, it may be, cnly 
give a negative result showing an incompleteness in oiu" 
knowledge of such a law, till then held to be perfect. 
From the exact and universal conformity to law of natural 
phenomena, a single observation of a condition that we 
may presume to be rigorously conformable to law, suffices, 
it is true, at times to establish a rule with the highest 
degree of probability ; just as, for example, we assume our 
knowledge of the skeleton of a prehistoric animal to be 
complete if we find only one complete skeleton of a single 
individual. But we must not lose sight of the fact that 
the isolated observation is not of value in that it is 
isolated, but because it is an aid to the knowledge of the 
conformable regularity in bodily structure of an entire 
species of organisms. In like manner, the knowledge of 
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tbe fpecific beat of odo mull fragment of a oew roeUl ii 
imporUnt bucauM we have no grounds for doubting t^ 
Any other pieces of the same met&I sul^ected to the sum 
traatmeot will yield the same result. 
*) To find -the law t^ which they are reflated i> to 
MiuUntand phenomeDa. For law is nothing more thaa 
tho general conception in which a series of similarly 
n^umng natural processes may be embraced. Just U 
we include in the conception * mammal ' all that is common 
lu the maUt the ape, the dog, the lion, the bare, the faors^ 
the whale, &c., so we comprehend in the law of refractiwi 
that which we ob9fr\'e to regularly recur when a ray of 
light of any colour passes in any direction through the 
common boundary of any two transparent media. 

A law of nature, however, is not a mere logical con- 
ception that we have adopted as a kind of memoria 
Uchnica to enable ua to more readily remember fiicts, 
We of the present day have already sufficient insight to 
know that the laws of nature are not things which we can 
evolve by any speculative method. On the contrary, we 
have to discover tliem in the facts ; we have to test them 
liy repeated observation or experiment, in constantly new 
cases, under ever-varying circumstances ; and in propor- 
tion only as they hold good under a. constantly increasing 
change of conditions, in a constantly increasing number 
of cases and with greater delicacy in the means of ob- 
servation, does our confidence in their trustworthiness 

Thus the laws of nature occupy the position of a power 
with which we are not femiliar, not to be arbitrarily 
selected and determined in our minds, as one might 
devise various systems of animals and plants one after 
another, bo long as the object is only one of classification. 
Before we can eay that our knowledge of any one law 
of nature is complete, we must see that it holds good 
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urUhout exception^ and make this the test of its correct- 
4Xiess. If we can be assured that the conditions under 
which the law operates have presented themselves, tlie 
result must ensue without arbitrariness, without choice, 
without our co-operation, and from the very necessity 
which regulates the things of the external world as well 
as our perception. The law then takes the form of an 
objective power, and for that reason we call it force. 

For instance, we regard the law of refraction objectively 
as a refractive force in transparent substances ; the law of 
chemical affinity as the elective force exhibited by dif- 
ferent bodies towards one another. In the same way, we 
speak of electrical force of contact of metals, of a force 
of adhesion, capillary force, and so on. Under these 
names are stated objectively laws which for the most part 
comprise small series of natural processes, the conditions 
of which are somewhat involved. In science our con- 
ceptions begin in this way, proceeding to generalizations 
from a nimiber of well-established special laws. We must 
endeavour to eliminate the incidents of form and dis- 
tribution in space which masses under investigation may 
present by trying to find from the phenomena attending 
large visible masses laws for the operation of infinitely 
small particles ; or, expressed objectively, by resolving 
the forces of composite masses into the forces of their 
smallest elementary particles. But precisely in this, 
the simplest form of expression of force — namely, of 
mechanical force acting on a point of the mass — is it 
especially clear that force is only the law of action ob- 
jectively expressed. The force arising from the presence 
of such and such bodies is equivalent to the acceleration 
of the mass on which it operates multiplied by this mass, 
llie actual meaning of such an equation is that it ex- 
presses the following law : if such and such masses are 
present and no other, such and such acceleration of their 
17 
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indiTJduftl points i>ccur8. Tt« actual signiScation may b« 
compared with the &ets and tested b; tbem. The ab- 
■tntct conoeption of force we thus introduce implita 
niorpoi-er, that we did not discover this hiw at random, 
tfaat it is an essential law of phenomeiia. 

Our desire to coittprekend natural phenomena, in other 
voids, to ascertain their lawa, thus takes another form 
of e)Cpre«lon — that is, we have to aeek out the /oreet 
which are the causes of the phenomena. The conformity 
to law in nature must be conceived as a causal connection 
the moment we recognise that it is independent of our 
thought and will. 

If then we direct our inquiry to the progress of physical 
science aa a whole, we shall have to judge of it by the 
measure in which the recognition and knowledge of a 
causative connection embracing all natural phenomena 
baa advanced. 

On looking back over the history of our sciences, the 
first great example we find of the subjugation of a wide 
mass of facts to a comprehensive law, occurred in the case 
of theoretical mechanics, the fundamental conception of 
which was first clearly propounded by Galileo. The 
question then was to find the general propositions that to 
us now appear bo self-evident, that all substance ia inert, 
and that the magnitude of force is to be measured not by 
its velocity, but by changes in it. At first the operation 
of a continually acting force could only he repreeented as 
a series of small impacts. It was not till Leibnitz and 
Newton, by the discovery of the differential calculus, had 
dispelled the ancient darkness which enveloped the con- 
ception of the infinite, and had clearly established the 
conception of the Continuous and of continuous change, 
that a full and productive application of the newly-found 
mechanical conceptions made any progress. The most 
singular and most splendid instance of such an app] 
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ion waa in regard to the motion of the planets, and I 
leed Bcarcely remind you here how brilliant an example 
utronomy has heeu for tlie development of the other 
branches of scienci'. In its case, by the theory of gravi- 
tation, a vast and complex mass of facta were first 
embraced in a single principle of great simplicity, and 
Buch a reconciliation of theory and fact established as 
has never been accomplished in any other department uf 
science, either before or since. In supplying the wants of 
astronomy, have originated almost all the exact methods 
T of measurement as well as the principal advances made 
f^ in modern mathematics ; the science itself was peculiarly 
[J fitted to attract the attention of the general public, partly 
J by the grandemr of the objects under investigation, partly 
by its practical utility in navigation and geodesy, and 
the many industrial and social interests arising from 
them. 

Galileo began with the study of terrestrial gravity. 
Newton extended the application, at first cautiously and 
hesitatingly, to the moon, then boldly to all the planets. 
And, in more recent times, we learn that these laws of the 
common inertia and gravitation of all ponderable masses 
hold good of the movements of the most distant double 
stars of which the light has yet reached ua. 

During the latter half of the last and the first half of the 
present century came the great progress of chemistry 
which conclusively solved the ancient problem of dis- 
covering the elementary substances, a task to whicli so 
much metaphysical speculation had been devoted. Reality 
has always far exceeded even the boldest and wildest 
speculation, and, in the place of the four primitive meta^ 
physical elements — fire, water, air, and earth — we have now 
the sixty-five simple bodies of modern chemistry. Science 
has shown that these elements are really indestructiblej un- 
alterable in their mass, unalterable also in their properties ; 
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In short, thftt bom vicry coadition iata which thej may 
have been converted, they can invariably be isolated, osd 
recover those qualities which they previously possessed in 
the free state. Through all the varied phases of li« 
pht-anmena of animated and inanimale nature, so &r u 
we are acquainted with thorn, in all the astonishing resalla 
of chemical decomposition and combination, the numba 
and diversity of which the chemist with unwearied dili- 
gence augments from year to year, the one law of the 
immutability of matter prevails as a necessity that knows 
no exception. And chemistry has already pressed on into 
the depths of Immeasurable space, and detected in the 
most distant suns or nebula indications of well-known 
terrestrial elements, so that doubts respecting the pre- 
vailing homogeneity of the matter of the universe no 
longer exist, though certain elements may perhaps be 
restiicted to certain groups of the heavenly bodies. 

From this invariability of the elements follows another 
And wider consequence. Chemistry shows by actual experi- 
(nent that all matter is made up of the elements which 
have been already isolated. Theaa elements may exhibit 
great differences as regards combination or mixture, the 
mode of aggregation or molecular structure — that is to 
eay, they may vary the mode of their distribution in 
space. In their properties, on the other band, they are 
altogether unchangeable ; in other words, when referred 
to the same compound, as regards isolation, and to the 
same state of aggregation, they invariably exhibit the 
same properties as before. If, then, all elementary sub- 
stances are unchangeable in respect to their properties, 
and only changeable as regards their combination and 
their states of aggregation — that ia, in respect to their 
distribution in space — it follows that all changes in the 
world are changes in the local distribution of elementary 
matter, and are eventually brought about through Motion. 
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If, however, motion be the primordial change which 
lies at the root of all the other changes occurring in the 
world, every elementary force is a force of motion, and the 
ultimate aim of physical science must be to determine 
the movements which are the real causes of all other 
phenomena and discover the motive powers on which they 
depend ; in other words, to merge itself into mechanics. 

Though this is clearly the final consequence of the 
qualitative and quantitative immutability of matter, it is 
after all an ideal proposition, the realization of which is 
still very remote. The field is a prescribed one, in which 
we have succeeded in tracing back actually observed 
changes to motions and forces of motion of a definite 
kind. Besides astronomy, may be mentioned the purely 
mechanical part of physics, then acoustics, optics, and 
electricity ; in the science of heat and in chemistry, 
strenuous endeavom*s are being made towards perfecting 
definite views respecting the nature of the motion and 
position of molecules, while physiology has scarcely made 
a definite step in this direction. • 

This renders all the more important, therefore, a note- 
worthy advancement of the most general importance made 
during the last quarter of a century in the direction we are 
considering. If all elementary forces are forces of motion, 
and all, consequently, of similar nature, they should all 
be measurable by the same standard, that is, the standard 
of the mechanical forces. And that this is actually the 
fact is now regarded as proved. The law expressing this 
is known under the name of the laiu of the Conservation 
of Force. 

For a small group of natural phenomena it had already 
been pronounced by Newton, then more definitely and in 
more general terms by D. Bernouilli, and so continued of 
recognised application in the greater part of the then 
known purely mechanical processes. Certain am.^Ufi.<!;^« 
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tioDS at timee attrscteil attentioD, like those of Rumfoid, 

Dox-y, and Montgolfier. phe first, howevex, to compga 

^n tbe clror and dJHtinct idea of this law, and to venture to 

^ pronouDL'e ite alioulute universality, vas one whom «e 

shall have booh the pleasure of bearing from this platform, 

I>r. Robert Mayer, of HeilbroDD, While Dr. Mayer was 

K-d by physiological questions to the discovery of tlie 

most general form of this law, technical questions in 

mechanical engineering led Mr. Joule, of Manchester, 

simultanoou&ly, and independently of. him, to the same 

L'linMiderations ; and it is to Mr. Joule that we are Indebted 

for those important and laborious expeiimeDtal researches 

in that department where the applicability of the law of 

the conservation of force appeared most doubtful, and 

where the greatest gaps in actual knowledge occurred, 

- namely, in the production of work from heat, and of heat 

V/rom work. 

To Btato the law clearly it was necessary, in con- 
tradistinction to Galileo's conception of the intensify 
of force, that a new mechanical idea was elaborated, 
which we may term the conception of the quantity oj 
force, and which has also been called quantity of luorli 
or of energy, 

A way to this conception of the quantity of force had 
been prepared partly, in theoretical mechanics, through 
the conception of the amount of vis viva of a moving 
body, and partly by practical mechanics through the 
conception of the Tuotive power necessary to keep a 
machine at work. Practical machinists had already 
fouud a standard by which any motive power could be 
measured, in the determination of the number of pounds 
that it could lift one foot in a second ; and, as is known, 
a horse-power was defined to be equivalent to the motive 
power required to lift seventy kilogrammes one metre 
each second. 
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Machines, and the motive powera required for their 
movement, furnish, in fact, the most familiiir illuatra-' 
tions of the uniformity of all natural forces expressed by 
the law of the conservation of force. Any machine which 
is to be set in motion requires a mechanical motive. 
power. Whence this power is derived or what its form, 
is of no consequence, provided only it be sufficiently 
great and act continuously. At one time we employ a 
steam-engine, at another a. water-wheel or turbine, here 
horses or oxen at a whim, there a windmill, or if but 
little power is required, the human arm, a raised weight, 
or an electro-magnetic engine. The choice of the machine ' 
is merely dependent on the amount of power we would 
use, or the force of circumstance. In the watermill the 
weight of the water flowing down the hills is the agent ; 
it ia lifted to the hills by a meteorological process, and 
becomes the source of motive power for the mill. In the ' 
windmill it ia the vis viva of the moving air which I 
drives round the sails ; this motion also ia due to a "^ 
meteorological operation of the atmosphere. In the steam- 
engine we have the tension of the heated vapour which 
drives the piston to and fro ; this is engendered by the 
heat arising from the combustion of the coal in the fire- 
box, in other words, by a chemical process ; and in this 
case the latter action is the source of the motive power. 
If it he a hoi'se or the human arm which is at work, we 
have the muscles stimulated through the nerves, directly 
producing the mechanical force. In order, however, that 
the living body may generate muscular power it must be 
nourished and breathe. The food it takes separates again 
fi-om it, after having combined with the oxygen inhaled 
from the air, to form carbonic acid and water. Here- J 
again, then, a chemical procees is an essential element toj 
maintain muscular power. A similar state of things is i 
served in the electro-magnetic machines of our telegrap 
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Ttaiu, then, wc obtain mechanical motive force from 
the moat varied proc-ases of nature in the most difTerent 
wsjra; hut it will also be remarked in onlj a limited 
quantitj. In doing so ive always ooneum£ something that 
naturt; supplies to us. In the wiitermill we use a. quHJitity 
of wiit«r toUcoted at an elevation, coal in the fteaio- 
i-U|;ine, zinc and sulphuric acid in the electro-m acetic 
machine, food for the horee ; in the windmill we use up 
the motion of the wind, which is arrested by the sails. 

Conversely, if wo have a motive force at our disposal 
wc can develop with it forms of action of the most varied 
kind. It will not be necessary in this place to enumerate 
The countJesB diversity of industrial machines, and the 
Tarielies of work which they perform. 

Let US rather consider tlie physical differences of the 
poBHible performance of a motive power. With its help 
we can raise loads, pump water to an elevation, compress 
gases, set a railway train in motion, and through ft'iction 
generate heat. By its aid we can turn magneto-el ectrio 
machines, and produce electric currents, and with them 
decomjKise water and other chemical compounds having 
the most powerful affinities, render wires incandescent, 
magnetise iron, &c. 

Moreover, had we at our disposal a sufficient me- 
chanical motive force we could lestore all those states 
and conditions from which, as was seen above, we are 
enabled at the outset to derive mechanical motive power. 

As, however, the motive power derived from any 
given natural process is limited, so likewise is there a 
limitation to the total amount of modifications which we 
may produce by the use of any given motive power. 

These deductions, arrived at first in isolated instances 
from machines and physical apparatus, have now been 
Welded into a law of nature of the widest validity. Every 
■hange in nature is equivalent to a certain developmentj 
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or a certain consumption of motive force. If motive 
power be developed it may either appear as such, or be 
directly used up again to form other changes equivalent 
in magnitude. The leading determinations of this equiva- 
lency are founded on Joule's measurements of the me- 
chanical equivalent of heat. When, by the application 
of heat, we set a steam-engine in motion, heat propor- 
tional to the work done disappears within it; in short, 
the heat which can warm a given weight of water one 
degree of the Centigrade scale is able, if converted into 
work, to lift the same weight of water to a height of 
425 metres. If we convert work into heat by friction 
we again use, in heating a given weight of water one 
degree Centigrade, the motive force which the same 
quantity of water would have generated in flowing down 
from a height of 425 metres. Chemical processes gene- 
rate heat in definite proportion, and in like manner we 
estimate the motive power equivalent to such chemical 
forces; and thus the energy of the chemical force of 
affinity is also measurable by the mechanical standard. 
The same holds true for all the other forms of natural 
forces, but it will not be necessary to pursue the subject 
further here. 

It has actually been established, then, as a result of 
these investigations, that all the forces of nature are 
measurable by the same mechanical standard, and that 
all pure motive forces are, as regards performance of 
work, equivalent. And thus one great step towards the 
solution of the comprehensive theoretical task of referring 
all natural phenomena to motion has been accomplished. 

Whilst the foregoing considerations chiefly seek to 
elucidate the logical value of the law of the conservation 
of force, its actual signification in the general conception 
of the processes of nature is expressed in the grand con- 
nection which it establishes between the entire proce^'ses 
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of the (iniverse, through all distances of place oi 
The universe appears, according to this law, to be en- 
dowed with a store of energy which, through all the 
varied changes in natural processes, can neither be 
increased nor diminished, which is maintained therein 
in ever-varying phases, but, like matter itself, is from 
eternity to eternity of unchanging magnitude ; ading 
in space, but not divisible, as matter is, with it. Every 
change in the world simply consists in a variation in the 
mode of appearance of this store of energy. Here we 
find one portion of it as the via viva of moving bodies, 
there as regular osciUation in light and poiuid ; 
as heat, that is to say, the irregular motion of invisible 
particles ; at another point the energy appears 
form of the weight of two masses gravitating towards 
each other, then as internal tension and pressure of 
elastic bodies, or as cheniical attraction, electrical ten- 
sion, or magnetic distribution. If it disappear in one 
form, it reappears as surely in another ; and whenever 
it presents itself in a new phage we are certain that 
it does so at the expense of one of its other forms. 

Camot's law of tlie mechanical theory of heat, 
modified by Clausiiis, has, in fact, made it clear that 
this change moves in the main continuously onward in a 
definite direction, so that a constantly increasing amount 
of the great store of energy in the imiverse is being 
transformed into heat. 

We can, therefore, see with the mind's eye the original 
condition of things in which the matter composing the 
celestial bodies was still cold, and probably distributed 
as chaotic vapour or dust through space ; we see that 
it must have developed beat when it collected together 
under the influence of gravity. Even at the present 
time spectrum analysis (a method the theoretical prin- 
ciples of which owe their origin to the mechanical theory 
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»t) enables us to detect remains of this loosely 
Kbuted matter in tho nebulaB ; we recognise it in the 
Dr-showers and comets ; the act of agglomeration 
fcthe development of heat still continue, though i 
■ portion of the stellar system thej have ceased to 
iat extent. The chief part of the primordial 
r of the matter belonging to oar system is now 
|tie form of solar heat. This energy, however, will 
I locked up in our system for ever: portionB' 
of it are continually radiating from it, in the form of 
light and heat, into infinite space. Of this radiation 
our earth receives a share. It is these solar heat-rays 
which produce on the earth's surface the winds and the 
currents of the ocean, and lift the watery vapoiu: from 
the tropical seas, which, distilling over hill and plain, 
returns as springs and rivers to the sea. The solar rays 
impart to the plant the power to separate from carbonic 
acid and water those combustible substances which serve 
as food for animals, and thus, in even the varied changes 
of organic life, the moving power is derived from the 
infinitely vast store of the universe. 

This exalted picture of the connection existing between 
all the processes of nature has been often presented to 
us in recent times ; it will suffice here that I direct 
attention to its leading features. If the task of physical 
science he to determine laws, a step of the most com- 
prehensive significance towards that object has here been i 
taken. | 

The application of the law of the conservation of force 
to the vital processes of animals and plants, which haa 
just been discussed, leads us in another direction in 
which our knowledge of nature's conformity to law has 
made an advance. The law to which we referred is ' 
of the most essential importance in leading q^uestions j 
of physiology, and it was for this reason that Dr. Mayer ] 
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■nd I wrro led on phyaiological grounds lo investigationt 
Imviti^ nHjH^i'iiil rt-fijence to the conservation offeree. 

Ax rii^Hrds the pboDomena of inor^nic nature all 
ddubts liave long since been laid to rest respecting tbe 
principles of tbe method. It was apparent that these 
phenameDa had tixed laws, and examples enough were 
already known to make the finding 0*" such laws probable. 

In coustHjwence, however, of the g eater complexity of 
tbi- vital processes, their connection ^ith mental action, 
and tie unmistakable evidence of adaptability to a pui- 
piec which organic structures eshibit, the existence of a 
Bt-ttlfd conformity to law might well appear doubtful, and, 
in fact, physiology has always had to encounter this 
fundamental (jiiestion : are all vital processes absolutely 
confurmable to law ? Or is there, perhaps, a range of 
greater or less magnitude within which an exception 
prevails ? More or less obscured by worde, the view of 
Paracelsus, Hclmont, and Stahl, has been, and is at 
present, held, particularly outside Germany, that there 
exists a soul of life {" Lebensaeele") directing the organic 
processes which is endowed more or less with conscious- 
ness like the soul of man. The influence of the inorganic 
forces of nature on the organism was stiil recognised 
on the assumption that tbe soul of life only exercises 
power over matter by means of the physical and chemical 
forces of matter itself; so that without this aid it could 
accomplish nothing, but that it possessed the faculty of 
suspending or permitting the operation of the forces 
at pleasure. 

After death, when no longer subject to the control of 
the soul of life or vital force, it was these very chemical 
furces of organic matter which brought about decomposi- 
tion. In short, through all tbe different modes of ex- 
pressing it, wliether it was termed the Arcliaus, the 
aninui iiiBcia, or the vital force and the restora 
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jxrmer of nature, the faculty to build up the body accord- 
ling to system, and to Buitably accommodate it to external 
fcir cum stances, remained the moat essential attribute of 
this hypothetically controlling principle of the vitalistio 
theory with which, therefore, by reason of its attributes, 
only the name of soul fully harmoniseji' 

It is apparent, however, that this notion runs directly 
counter to the law of the conaervatlon of force. If vital 
force were for a time to annul the gravity of a weight, 
it could be raised without labour to any desired height, 
and subsequently, if the action of gravity were again 
restored, could perform work of any desired magnitude. 
And thus work could be obtaiued out of nothing without 
expense. If vital force could for a time suspend the 
chemical affinity of carbon for oxygen, carbonic acid 
could be decomposed-withoiit work being employed for 
that purpose, and the liberated carbon and oxygen 
could perform new work. 

In reality, however, no trace of such an action is to 
be met with as that of the living organism being able 
to generate an amount of work without an equivalent 
expenditure. When we consider the work done by 
animals, we find the operation comparable in every 
respect with that of the steam-engine. Animals, like 
machines, can only move and accomplish work by being 
continuously supplied with fuel (that is to say, food) and 
air containing oxygen ; both give off again this material 
in a burnt state, and at the sa,me time produce heat and 
work. All investigation, thus far, respecting the amoimt 
of heat which an animal produces when at rest is ia 
no way at variance with the assumption that this heat 
exactly corresponds to the equivalent, expressed as work^ 
ot the forces of chemical afBnity then in action. 

As regards the work done by plants, a source of power 
in every way sufficient, exists in the solar raya which they 
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require for tlie increase of the organic matter of that ] 
Btructurea. Meanwhile it is true that exact quantitatiTe 1 
determinations of the equivalents of force, consumed and I 
produced in the vegetable as well as the animal kiiigdoni, 
have still to be made in order to fully establish the 
exact accordance of these two values. 

If, then, the law of the conservation of force hold 
good also for the living body, it follows that the physical | 
and chemical forces of the material employed in building 
up the body are in continuous action without inter- 
mission and without choice, and that their exact coTir > 
formity to law never suffers a momenSa vnterrv.ption. 

Physiologists, then, must expect to meet with an un- 
conditional conformity to law of the forces of nature 
in their inquiries respecting the vital proceawes ; they 
will have to apply themselves to the investigation of the 
physical and chemical processes going on within the 
organism. It is a task of vast complexity and extent ; 
but the workers, in Germany especially, are both nu- 
merous and enthusiastic, and we may already affirm 
that their labours have not been unrewarded, inasmuch 
as our knowledge of the vital phenomena has made 
greater progress during the last forty years than in the 
two preceding centuries- 
Assistance, that cannot be too highly valued, towards 
the elucidation of the fundamental principles of the 
doctrine of life, has been rendered on the part of descrip- 
tive natural history, through Darwin's theory of the 
evolution of organic forms, by which the possibility of 
an entirely new interpretation of organic adaptability is 
furnished. 

The adaptability in the construction of the functions 
of the living body, most wonderful at any time, and 
with the progress of science becoming still more so, waa 
doubtless the chief reason that provoked a comparison 
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of the vital proceasf^a iritb the actions of a principle 
acting like a aoul. In the whole eiternal world we know 
of but one series of pheaoraena posaessiDg similar 
characteristics, we mean the actions and deeds of an 
intelligent human being ; and we must allow that ia 
innumerable instances the organic adaptability appears to 
be BO extraordinarily superior to the capacities of the 
human intelligence that we might feel disposed to ascribe 
to it a higher rather than a lower character. 

Before the time of Darwin cnly two theories respect- 
ing organic adaptability were in vogue, both of which 
pointed to the interference of free intelligence in the 
course of natural processes. On the one hand it waa 
held, in accordance with the vitalistic theory, that the 
vital processes were continuously directed by a living 
Boul ; or, on the other, recourse was had to an act of 
supernatural intelligence to account for the origin of 
every living species. The latter view indeed supposes 
that the causal connection of natural phenomena had been 
broken leas often, and allows of a strict scientific examina- 
tion of the processes observable in the species of human 
beings now existing ; but even it is not able to entirely 
explain away those exceptions to the law of causality, 
and consequently it enjoyed no considerable favour an 
opposed to the vitalistic view, which was powerfully 
supported, by apparent evidence, that is, by the natural 
desire to find similar causes behind similar phenomena. 

Darwin's theory contains an essentially new creative 
thought. It shows how adaptability of structure in 
organisms can result from a blind rule of a law 
of nature without any intervention of intelligence. I 
allude to the law of transnaission of individual pecu- 
liarities from parent to offspring, a law long knovra 
and recognised, and only needing a more precise defi- 
nition. If both pareuts have individual peculiaritiea 
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in common, the majority of their offspring also poaseBi 
them ; and if among the offspring there are some which 
present these peculiaritiea in a less marked degree, there 
will, on the other hand, always be found among a great 
number, others in which the same peculiarities have 
become intensified. If, now, these be selected to propa- 
gate offspring, a greater and greater intensification of 
these peculiarities may be attained and transniitted. 
This is, in fact, the method employed in cattle-breeding 
and gardening, in order with greater certainty to obtain 
new breeds and varieties, with welt-marked different 
characters. The experience of artificial breeding is to 
be regarded, from a scientific point of view, as an ex- 
perimental confirmation of the law imder discussion ; 
and, in fact, this esperinaent has proved successful, and 
is still doing so, with species of every class of the animal 
kingdom, and, with respect to the most different organi 
of the body, in a vast number of instances. 

After the general application of the law of trans- 
mission had been established in this way, it only re- 
mained for Darwin to discuss the bearing of tbe questiou 
as regards animals and plants in the wild state. The 
result which has been arrived at is that those individuals 
which are distinguished in the struggle for existence 
by some advantageous quality, are the most likely to 
produce offspring, and thus transmit to them their ad- 
vantageous qualities. And in this way from generation 
to generation a gradual adjustment is arrived at in the 
adaptation of each species of living creation to the 
conditions under which it has to live until the type 
baa reached such a degree of perfection that any sub- 
stantial variation from it is a disadvantage. It mil 
then remain unchanged so long as the external con- 
ditions of its existence remain materially unaltered. 
Such an al.Loat absolutely fixed condition appears 
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i ue attained by the plants and animals now living, and 
i thus the continuity of the species, at least during 
■\ historic times, is found to prevail. 

■ An animated controversy, however, still continues, con- 
cerning the truth or probability of the Darwinian theory, 
for the most part respecting the limits that should be 
assigned to the variation of species. The opponents of 

^ ttiis view would hardly deny that, as assumed by Darwin, 

- hereditary differences of race could have arisen in one 

^- *Ud the same species ; or, in other words, that many of 

■ the forms hitherto regarded as distinct species of the same 
'-■ genus have been derived from the same primitive form. 

Whether we must restrict our view to this, or whether, 
perhaps, we venture to derive all mammals from one origi- 
nal marsupial, or, again, all vertebrates from a primitive 
lancelet, or all plants and animals together from tlie slimy 
protoplasm of a protiston, depends at the present moment 
rather on the leanings of individual observers than on 
facts. Fresh links, connecting classes of apparently 
irreconcilable type, are always presenting themselves ; 
the actual transition of forms, into others widely diflferent, 
has already been traced in regularly deposited geological 
strata, and has come to be beyond question ; and since 
this line of research has been taken up, how numerous 
are the facts which fully accord with Darwin's theory, 
and give special effect to it in detail ! 

At the same time, we should not forget the clear in- 
terpretation Darwin's grand conception has supplied of 
the till then mysterious notions respecting natural aflBnity, 
natural systems, and homology of organs in various 
animals ; how by its aid the remarkable recurrence of 
the structural peculiarities of lower animals in the 
embryos of others higher in the scale, the special kind 
of development appearing in the series of palseontological 
forms, and the peculiar conditions of aflBnity of the faunas 
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Ukd Son* of limited areaa have, one and all, received 
eluddatloo. Formerly natural afiBnity appeared to be i 
mero cniginatical, and altogether groundless similaiitf 
of forms; now it ha§ become a matter for actual consan- 
giiinity. The natuml Bystem certainly forced itself t) 
Buch upon the mind, although theory gtrictly disavowed 
any real significance to it; at present it denotes ao 
actual genealogy of organisms. The facta of palffiOflto- 
logical and embryological evolution and of gf ogi-aphical 
distribution were cmigmatical wonders so long as eacii 
species wa« regarded as the result of an independent &et 
of creation, and cast a scarcely favourable light on the 
strange tentative method which was ascribed to the 
Creator. Darwin has raised all these isolated queations 
from the condition of a heap of enigmatical wondera 
to a great consistent system of development, and esta- 
blished definite ideas in the place of such a fanciful 
hypothesis as, among the first, had occurred to Goethe, 
respecting the facts of the comparative anatomy and the 
morphology of plants. 

This renders possible a definite statement of problems 
for further inquiry, a great gain in any case, even should 
it happen that Darwin's theory does not embrace the whole 
truth, and that, in addition to the infiuences wliich he has 
indicated, there should be found to be others which 
operate in the modification of organic forma. 

While the Darwinian theory treats exclusively of the 
gradual modification of species after a succession of 
generations, we know that a single individual may adapt 
itself, or become accustomed, in a, certain degree, to the 
circumstances under which it has to live ; and that even 
during the single life of an individual a distinct progress 
towards a higher development of organic adaptability 
may be attained. And it is more especially in those 
forms of organic life where the adaptability in structure 
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Qas reached the highest grade and excited the greatest 
admiration, namely, in the region of mental perception, ■ 
that, as the latest results of physiology tsach ua, this 
individual adaptation plays a most prominent part. 

"Who has not marvelled at the fidelity and accurany 
of the information which our eensea convey to ua froia 
the surrounding world, more especially those of the far- 
reaching eye ? The information so gained furnishes the 
premisses for the conclusions which we come to, the acts 
that we perform ; and unless our senses convey to un 
ijorrect impressions, we cannot expect to act accurately, 
so that results shall correspond with our expectations. 
By the success oi' failure of our acta we again and again 
teat the truth of the information with which our senses 
supply ua, and experience, after millions of repetitions, 
shows ua that this fidelity is exceedingly great, in fact, 
almost free from exceptions. At all events, these exceptions, 
the so-called illusions of the senses, are rare, and are only 
brought ahout by very special and unusual circumstances. 

Whenever we stretch forth the hand to lay hold of 
something, or advance the foot to step upon some object, 
we must first form an accurate optical image of the position 
of the object to be touched, its form, distance, &c., or we 
shall fail. The certainty and accuracy of our perception 
by the senses must at least equal the certainty and 
accuracy which our actions have attained after long 
practice j and the belief, therefore, in the trustworthiness 
of our senses is no blind belief, but one, the accuracy of 
which has been tested and verified again and again by- 
numberless experiments. t 

Were this harmouy between the perceptions through - 
the senses and the objects causing them, in other words, 
this basis of all our knowledge, a direct product of the 
vital principle, its formative power would, in fact, then 
have attained the highest degree of perfection. But an 
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mmiwAim oC th» •etaal bcU si oaoe destroje in tJi« 
bmM BCKtlMB tn^uter an belief in a pRwiduned hanaoi^ 
•f the iBBcr and extenal world. 

I need aok call ta Bind tbe atattling and niMxpected le- 
■■ha «f offcUttlndiiietrical and opdeal research which 1»tb 
p i uwJ the eym to Ic a bf no means more perfect optical 
■■ti^Biat than thoee ooMtmeted br human bands ; bat, 
OS dw eoatniT, to exhibit, in addidoo to the &ulti 
inaefMnUe from any dioptnc inatniment, others that in 
ma aitifieul taatntmeBt we aboold seTerely condemn ; nor 
need I lemind joa that the ear eonv^ to as sonnds from 
without in bo wise is the ratio of their actual intensity, 
bat ftiai^ly reaolres them and modifies them, intendfy- 
iag or weakening them in very different deigrees, ac- 
cording to their rarieties of pitch. 

These aoMnaliea, however, are as nothing compared 
with tho«e to be met with in examining the nature of the 
sensations by which we become acquainted with the 
various properties of the objects surrounding us. Here 
it can at once be proved that no kind and no degree of 
etmilaritj exists between the quality of a sensation and 
the quality of the agent inducing it, and portrayed by it. 

In its leading features this was demonstrated by JohamiM 
SItiller in his law of the Specific Action of the Senses. Ac- 
cording to him,e-ach nerve of sense possesses a peculiar kind 
of sensation. A nerve, we know, can be rendered active 
by a vast number of exciting agents, and the same agent 
may likewise affect different organs of sense ; but however 
it be brought about, we never have in nerves of sight 
any other seusation than that of light ; in the nerves of 
the ear any other than a sensation of sound ; in short, 
in each individual nerve of sense only that sensation 
which coiTesponds to its peculiar specific action. The 
most marked differences in the qualities of Bensation, 
in other words, those between the sensatioDS of different 
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senses, are, then, in no way dependent on the nature of 
the exciting agent, but only on that of the nerve appa- 
ratus under operation. 

The bearing of Miiller's law has been extended by 
later research. It appears highly probable that even the 
sensations of different colours and different pitch, as well 
as qualitative peculiarities of luminous sensations inter se, 
and of sonorous sensations inter ae^ also depend on the 
excitation of systems of fibres, with distinct character 
and endowed with different specific energy, of nerves 
of sight and hearing respectively. The infinitely more 
varied diversity of composite light is in this way refer- 
able to sensations of only threefold heterogeneous 
character, in other words, to mixtures of the three 
primary colours. From this reduction in the number of 
possible differences it follows that very different compo- 
site light may appear the same. In this case it has been 
shown that no kind of physical similarity whatever corre- 
sponds to the subjective similarity of different composite 
light of the same colour. By these and similar facts we are 
led to the very important conclusion that our sensations 
are, as regards their quality, only aigiis of external 
objects, and in no sense images of any degree of re- 
semblance. An image must, in certain respects, be 
analogous to the original object ; a statue, for instance, 
has the same corporeal form as the human being after 
which it is made ; a picture the same colour and per- 
spective projection. For a sign it is sufficient that it 
become apparent as often as the occurrence to be de- 
picted makes its appearance, the conformity between 
them being restricted to their presenting themselves 
simultaneously ; and the correspondence existing between 
our sensations and the objects producing them is pre- 
cisely of this kind. They are signs which we have 
learned to decipher, and a language given us with out 
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p«Tchical aid wm, at the mort, two aomewliat ^P i fl i^ tgrf: 
flat ptctore* of two dimnirtimif as tfaej laj on Uie tvo 
rKizue ; iiwti^ of this we perceire a lepresentatioii 
with three dimenfloiis of the things aioond us. We 
are B^n«ible as well of the dUftanee of objects not 
\jrff9 far removed from us as of their perspectiTe juxUh 
jiot'd'toii^ and compare the actual magnitnde of two 
obj*rrts of apjjar*-ritlv unei:iual size at different distances 
from ilt with jn'tater certainty than the apparent equal 
mai^nitiide-s of a fincrer, sav. and the moon. 

Onf: explanation only of our perception of extension 
in H|>iice, wliich .^tand:} the test of each separate feet, can 
in my judgment be brought forward by our assuming 
witli Jyitze that to the sensations of nerve- fibres, dif- 
f<;n;ntly fiituated in space, certain differences, local signs, 
atUich themsf;lve8, the significations of which, as regards 
Bfjjicff, we have to learn. That a knowledge of their 
signification may be attained by these hypotheses, and 
with the help of the movements of our body, and that 
we can at the same time learn which are the right move- 
mcaitH to bring about a desired result, and become 
conscious of having arrived at it, has in many ways been 
eHtablished. 

That experience exercised an enormous influence over 
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the signification of visoal pictures, and, in cases of doubt, 

is generally tlie final arbiter, is allowed even by those 

|diysiologists who wish to save as much as possible of the 

^ innate harmony of the senses with the external world. 

-; i!lie controversy is at pi^esent almost entirely confined to 

-' the question of the proportion at birth of the innate 

;. impulses that can fsicilitate training in the understanding 

hi; 

of sensations. The assumption of the existence of im- 
/, pulses of this kind is unnecessary, and renders difficult 
instead of elucidating an interpretation of well-observed 
phenomena in adults.^ 

It follows, then, that this subtile and most admirable 

liarmony existing between our seubations and the objects 

. ^ causing them is substantially, and with but few doubtful 

. exceptions, a conformity individually acquired, a result 

of experience, of training, the recollection of former acts 

of a similar kind. 

This completes the circle of our observations, and lands 
u^ at the spot whence we set out. We foimd at the 
beginning, that what physical science strives after is 
the knowledge of laws, in other words, the knowledge how 
at different times under the same conditions the same 
results are brought about ; and we found in the last 
instance h'ow all laws can be reduced to laws of motion. 
We now find, in conclusion, that our sensations are merely 
signs of changes taking place in the external world, and 
can only be regarded as pictures in that they represent 
succession in time. For this very reason they are in a 
position to show directly the conformity to law^ in regard 
to succession in time, of natural phenomena. If, under 
the same natural circumstances, the same action take 
place, a person observing it imder the same conditions 
will find the same series of impressions regularly recur. 

' A further exposition of these conditions will be found in the lecturM on 
the Recent Progress of the Theoiy of Vision, pp. 197 et seq. 
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That which our organs of cense perform is clearly 5u£- 
cieot to iDM-t the demands <if science ss well as the practial 
cnda of the man of business who must rely for Eitpport oi 
the kaowlpdgc of natunl Laws, acquired, partlv involim- 
tariiy by daily ^sperieDce, and partly purposely by Ibt 
atody of acience. 

Having now completed our survey, we may, perhaps, 
ttrike a BOt unsatisfactory balance. Physical science luu 
made actire progress, not only in this or that direction, 
but as a rsst whole, and what has been accomplislied 
may wairant the attainment of further progress. Doubb 
renpecting the entire conformity to law of nature are 
more and more dispelled ; laws more general and more 
comprehensive have revealed themselves. That the di- 
rection which scientific study has taken Is a healthy one 
it« great practical issues have clearly demonstrated ; and 
I may here be permitted to direct particular attention 
to the branch of science more especially mv own. Id 
physiology particularly scientilic work had been crippled 
by doubts respecting the necessary conformity to law, 
which means, as we have shown, the intelligibility of 
vital phenomena, and this naturally extended itself to 
the practical science directly dependent on physiology, 
namely, medicine, Bolh have nceivid an impetus, such 
as tiad not been felt for thousands of years, from the time 
that they seriously adopted the method of physical science, 
the enact ob-ervation of phenomena and experiment. As 
a practising phyEician, in my earlier days, I can per- 
sonally bear testimony to this. I was educated at a 
period when medicine was in a transitional stage, when 
the minds of the most thoughtful and exact were BUed 
with despair. It was not difficult to recognise that the 
old predoniinant theorising methods of practising medicine 
were altogether untenable ; with these theories, however, 
the facte on which they had actually been founded bad 
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Wome sa inextricably entangled that they also were 
tnofltly thrown overboard, How a science ahonld be built 
up anew had already been seen in the case of the other 
Kiences ; but the new task assumed colossal proportions ; 
few steps bad been taken towards accomplishing it, 
and these first efforts weje in some measure but crude 
and clumsy. We need feel no astonishment that many 
sincere and earnest men shoidd at that time have 
abandoned medicine as unsatisfactory, or on principle 
given themselves over to an exaggerated empiricism. 

But well directed efforts produced the right reeult 
I more quickly even than many had hoped for. The 
application of the mechanical ideas to the doctrine of 
' circulation and respiiation, the better interpretation of 
I thermal phenomena, the more xefined physiological study 
I ofthe nerves, soon led to practical results of the greatest 
importance; microscopic examination of parasitic struc- 
tures, the stupendous development of pathological anatomy, 
irresistibly led from nebuloua theories to reality. We 
found that we now possessed a, much clearer means of 
<3istinguishing, and a clearer insight into the mechanism 
of the process of disease than the beats of the pulse, the 
urinary deposit, or the fever type of older medical science 
bad ever given us. If I might name one department 
of medicine in which the influence of the scientific 
method has been, perhaps, most brilliantly displayed, it 
would be in ophthalmic medicine. The peculiar con- 
stitution of the eye enables us to apply physical modes of 
inveatigation as well in functional as in anatomical 
derangements of the living organ. Simple physical ex- 
pedients, spectacles, sometimes spherical, sometimes cylin- 
drical or prismatic, suffice, in many cases, to cure dis- 
orders which in earlier times left the organ in a condition 
of chronic incapacity; a great number of changea on 
the other hand, which formerly did not attract notice 
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till tfaej indoocd ioicunLbk tilindnesa, can now he 
drtprtf^ aod remeilted at the outaet. From tbe vaj 
KMOD of itA presenting the most favourable ground fbr 
the a|)|>lieiitioti of the sciectific metbod, ophthalmolog; 
hu proT«d attnctive to a peculiarly large number ol 
excellent inrnttgators, and lapidly attained its present 
ponttoD, in which it sets an example to the other depart^ 
DirnU of medicine, of the actual capabilities of the 
true method, as briUiant aa that which astronomy for 
hmg harl offered to the other branches of physical science, 

Though in the investigation of inorganic nature the 
several European nations aboved a nearly uniform ad- 
vancement, the recent progress of physiology and medi- 
cine is prs-eminently dne to Germany. I have already 
spoken of the obstacles which formerly delayed progress in 
this direction. Questions respecting the nature of life are 
closely bound up with psychological and ethical inquiries. 
It demands, moreover, that we bestow on it unwearied 
diligence for purely ideal purposes, without any approach- 
ing prospect of the pure science becoming of practical 
value. And we may make it our boast that this exalted 
and self-denying assiduity, this labour tor inward satis- 
£actioD, not for external suci^ess, ha? at alt times peculiarly 
distinguished the scientific men of Germany. 

What has, after all, determined the state of things 
in the present instance is in my opinion another cir- 
cumstance, namely, that we are more fearless than others 
of the consequences of the entire and perfect truth, 
Both in England and France we find excellent invefl- 
ti gators who are capable of working with thorough 
energy in the proper sense of the scientific methods; 
hitherto, however, they have almost always had to bend 
to social or ecclesiastical prejudices, and could only openly 
express their convictions at the expense of their social 
influence and their usefulness. 
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Q-ermany has advanced with bolder step : she has had 
the full confidence, which has never been shaken, that 
truth fully known brings with it its own remedy for 
the danger and disadvantage that may here and there 
attend a limited recognition of what is true. A labour- 
loving, frugal, and moral people may exercise such bold- 
ness, may stand face to face with truth ; it has nothing 
to fear though hasty or partial theories be advocated, 
even if they should appear to trench upon the founda- 
tions of morality and society. 

We have met here on the southern frontier of our 
country. In science, however, we recognise no political 
boundaries, for our country reaches as far as the German 
tongue is heard, wherever German industry and German 
intrepidity in striving after truth find favour. And 
that it finds favour here is shown by our hospitable 
reception, and the inspiriting words with which we have 
been greeted. A new medical faculty has been established 
here. We will wish it in its career rapid progress in the 
cardinal virtues of German science, for then it will not 
only find remedies for bodily suffering, but become an 
active centre to strengthen intellectual independence, 
steadfastness to conviction and love of truth, and at the 
same time be the means of deepening the sense of unity 
throu<3^hout our country. 
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LJfYPNOTISM, MESMERISM, AND THE 

^ -^ NEW WITCHCRAFT, By Ernest Har r, fonnerly Sur- 
geon to the West London Hospital, and Ophthalmic Surgeon 
to St. Mary's Hospital, London. New edition, enlarged and 
revised. With new chapters on "The Eternal Gullible" and 
" The Hypnotism of Trilby." i2mo. Cloth, $1.50. 

*' Mr. Hart holds it as proved beyond all reasonable doubt that the hypnotic con- 
dition is an admitted clinical fact, and declares that the practice of hypnotism, except 
by skilled physicians, should be forbidden. He affirms its therapeutic uselessness, and 
condemns the practice because of the possibilities of social mischiefs. . . . His per- 
sonal experiences in the ' New Witchcraft ' enable him to exercise a critical check on 
the wild theories and unsupported assertions of others." — Philadelphia Led^r. 

]\yf ESMERISM, SPIRITUALISM, ETC, HIS- 
IVl TORJCALLY AND SCIENTIFICALLY CONSID- 
ERED. By William B. Carpenter, M. D., F. R. S. i2mo. 
Cloth, $1.25. 

** The reader of these lectures will see that my whole aim is to discover, 
on the generally accepted principles of testimony, what are facts ; and to 
discriminate between facts and the inferences drawn from them. I have no 
other ' theory ' to support than that of the constancy of the weU-ascertained 
laws of Nature." — From the Preface, 

RINCIPLES OF MENTAL PHYSIOLOGY. 

With their Application to the Training and Discipline of the 
Mind, and the Study of its Morbid Conditions. By William 
B. Carpenter, M. D., F. R. S. i2mo. Cloth, $3.00. 

** Among the numerous eminent writers this coimtry has produced none are more 
deserving of praise for having attempted to apply the results of physiological research 
to the explanation of the mutual relations of the mind and body tKan Dr. Carpenter." 
— London Lancet. 

ATURE AND MAN: Essays, Scientific and- 

Philosophical. By WILLIAM B. Carpenter, M. D., F. R. S. 

With an Introductory Memoir by J. Estlin Carpenter, M. A., 

and a Portrait. i2mo. Cloth, $2.25. 

*' Few works could be mentioned that give a better general view of the change that 
has been wrought in men's conceptions of life and Nature. For this, if for nothing 
else, the collection would be valuable. But it will be welcomed also as a kind of 
biography of its author, for the essays and the memoir support one another and are 
mutually illuminative." — Scotsman. 

** Mr. Elstlin Carpenter's memoir of his father is just what such a memoir should be 
— a simple record of a life uneventful in itself, whose interest for us lies mainly in the 
nature of the intellectual task so early undertaken, so strenuously carried on, so 
«mple and nobly accomplished, to which it was devoted." — London Spectator. 
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3(X> Drawings by the Author, and containing an elaborate Indu 
showing al a glance the botanical and popular names, familj, 
culor, locality, cnviTonmcnl, and time of bloom of several liiin- 
dred flowers, ismo. Library Edition, cloth, $1.75 ; Podict 
Edition, flexible covers, $3.25. 



j1 volume (he (1aw< 
and in bmUIic ]U| 
.rucuLuT BOeDtion ia 

«d£c of vitd and cultivated flonR 
lined Mr. Mglhewi's link biwk u 



le finds b the lulil 
fir conpecdon wilti ga^ 



Floweis oT Field ind 

autj oftlM dnwinp 

umc bolapy &om the hand of aa 



Caidai.' a^id 

■ leputadDO."— /.. H. Bailif, Pniftticr cf Harluuiairt, Cmull Univtrsilji. 

■■ I VD much pleaaa) with your ' Familiar Flowere gf Field and Ganjcn." li 
iHcfut and handiomely pnparcd handhoalc, and the dabcprate mden is an eipef 
vaJuable pan of it. Talcsii in conneclinn with Ihe nwy caielul diawingi, it ■ 



wild ai 












ingl fwao, Nal 

■cquaiDt the reader wiu mete plani 

may be but ^dy ^miliar, and | 



"SS. 



•i Bmple ^ means nl^ lame two haadied diaw- 
lea. . . . The bonk will do much In mote Fully 
of field and garden treated u^n with whidi H 

of iheir dowers, a tnbjecl to whi^ Mr. MaUinii 

" A book of much value and inlcnsi, adminUy arranged for the student and tin 

injlly nreMnled. . . . ll seems to ui lo be a moil anraclive handbook of its kind."— 

"A delightful book and very utehil. Its language ii plain nnd familiar, and the 

Euniliai with the <nll-knawn flaveis, thoe thai etow in the cnldvated gardens as wd 
■1 those that blossom id the ^t^A3'''-Nrviark Daitf Adoirthtr. 

" Seasonable and valuable. The young botanist and the lover of Hdheis, who have 
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PAMILIAR TREES AND THEIR LEAVES. 

^ By F. Schuyler Mathews, author of ** Familiar Flowers of 
Field and Garden," " The Beautiful Flower Garden," etc. Il- 
lustrated with over 200 Drawings from Nature by the Author, 
i2mo. Cloth, $1.75. 

" It is not often that we find a book which deserves such unreserved commendation. 
It is commendable for several reasons : it is a book that has been needed for a long 
time, it is written in a popular and attractive style, it is accurately and profusely illus- 
trated, and it is by an authority on the subject of which it treats." — Public Opinion, 

" Most readers of the book will find a world of information they never dreamed of 
about leaves that have long been familiar with them. The study will open to them 
new sources of pleasure in every tree around their houses, and prove interesting as well 
as instructive." — San Francisco Call, 

"A revelation of the sweets and joys of natural things that we are too apt to pass 
by with but little or no thought. The book is somewhat more than an ordinary botan- 
ical treadse on leaves and trees. It is a heart-to heart talk with Nature, a true appre- 
ciadon of the beauty and the real usefulness of leaves and trees." — Boston Courier, 

" Has about it a simplicity and a directness of purpose that appeal at once to every 
lover of Nature." — New York Mail and Express, 

'* Mr. Mathews's book is just what is needed to open our eyes. His text is charm- 
ing, and displays a loving and intimate acquaintance with tree life, while the drawings 
of foliage are beautifully executed. We commend the volume as a welcome companion 
in country walks." — Philadeipkia Public Ledger. 

"The book is one to read, and then to keep at hand for continual reference."— 
Chicago Dial, 

** The unscientific lover of Nature will find this book a source of enjojrment as well 
as of instruction, and it will be a valuable introducdon to the more scientific study of 
the subject." — Cleveland Plain Dealer. 

** This book will be found most sads&ctory. It is a book which is needed, written 
by one who knows trees as he knows people." — Minneapolis journal 

** A book of large value to the student. The reader gathers a wide and valuable 
knowledge which will awaken new interest in every tramp through die forest" — CAi- 
cago Inter-Ocean, 

" A most admirable volume in many ways. It meets a distinct and widely felt 
want ; the work is excellendy done ; its appearance is very timely. . . . Written in a 
clear and simple style, and requires no previous technical knowledge of botany to under- 
stand it." — Baltimore News. 

** This very valuable book will be prized by all who love Nature."— ^A* Churchman, 

" Of the many Nature books that are constantly inviting the reader to leave pave- 
ment and wander in country bypaths, this one, with its scientific foundadon, and its 
simplicity and clearness of style, is among the most alluring." — St. Paul Pioneer-Press, 
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As a record of 

reconb of Himaljiyan ex- 

as . . . hare ncYcr b«en 

acatea as m. the masterly ddicate 

this book.'*— Z^ab^m Daily News. 

of a i pi rarfirf joonej. . . . The book is 

j tyi i mn i and anst soccesstui Bwantamcering ex- 

valuable ami minntr account, based on first-hand 

jc dK bearcB-soanng Himalayas." — Pall Mall 



" Mx Z-zn M-x^ « v-t-.^nie s a nrirmfat rsccrd of a daring and adrcntiirous scientific 
rx>eti::icn. *':a. V- 'A't-roiper id irr the Northern Andes, Mr. Conway has 

■• I: • -•: r«r :^r:_t t: sit fc-^ich :t ihe aunT dasses of readers who will welcome 
cue wjrx. • .- ■: ^ n Si ; ■.•>.■ -.rnr i-. :2» iasruiaslag P^^^^ ^^^- Conway's pen and Mr. 
M rC-r:i.i-«. 1 ^cnt^L z^it xuioe ;i:ezr coustryoieu partners in their pleasure." — London 

~ . . 1 3 iiii.t'rn t^ diis* Mr. Conway is a man of letters, a student (and a teacher, 
t>- 'i ixx. X ^cT.<t^ -s". >ev «^ Lia^ia^*s : one. too, who knows the Latin names ot 
p>aj:c$« i=.i ti* .>5< ;/ :heoii-;t;:e and piane table. From him, therefore, if from any ! 

:r-, til-; « -r .1 "-ic a -.^t: :? rxpec: a book that sii>7u]d combine accurate observation i 

a-- : jicr--.^-. ii-r repcrti^^ ■wit--. x\ on^jiai and acute record of impressions: nor will 
t.*^ • ;rid iaT^ any nsis^c to be i::vappoiaeed '" — L^md^n. AtAtnzntm. 

" W:th irs thrre hundred d'. ^srraticas we hare seldom seen a volume which speaks 
t; the eye ard ■:n>iersrandir. g so pi^asantly and expressively on every page. . . . We 
hare xn ex*-.a^:;Tr: panorama ot the Hunalayan scenery, of the manner in which the 
rou«;h mar:n.ng was cooi^ctrd. ot ascents achieved under the most dangerous condi- 
ticos. and f the tr. ubles and humors of the shifting camps where the coolies rested ; 

fro.-a their labors." — ^.'mJ^'-t SaturJay Rrrirw. H 

** Perhaps no boi^k of recent date gives a simpler or at the same time more effective • 

picture of the truly wonderful mount.«in regions l>'ing behind the northern barrier ol ■ 

India than Mr. Conway's striking volume." — London TeUgraph, 
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